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1Introduction
The people have known and used crystals for thousands of years, such as jewels,
minerals and natural quartz, and at the same time they also started the polycrystal
growth such like the salt production in the sunshine and the Chinese alchemy. About
60 years ago single crystals growth fascinated important mankind attention because
that the single crystals are the key materials of the modern electronics, optics and
other technical fields of the application. The formation of the crystal in nature and the
preparation of the crystals by artificial is called Crystal growth.
Single crystal is defined by long-range atomic order extending over many atomic
diameters, and having a repetitive structure, so a usual characteristics of single
crystals are non deformability and mechanical strengthens. In single crystals, the
electrical optical and mechanical properties are strong connected with the crystal
structure. So the single crystals are very useful materials in modern technology range
from electronics to thermal management to optics. Single crystals reveal the
fundamental properties of the materials, especially properties with the directional
dependencies, which makes the single crystals unique compared to the ceramics or
glasses. These properties are very important for the applications. The growth of single
crystals is both scientifical and technological process. There are two major techniques
for growing single crystal, namely, the growth from solutions and the growth from
melts. The very important growth method to get single crystals of given material is by
solidification of its own melt, which is called crystal growth from the melt.
Since their birth in 60 years ago, lasers have evolved from an exotic laboratory
technology to become tools daily used in a variety of applications: medicine,
telecommunication, industry and scientific research. Due to the large number of
applications, the research to get different laser materials is very critical. The rare earth
ions doped single crystals are the key laser materials. The most growth methods for
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these materials are from their own melts. The search for a particular laser involves
different aspects: first the choice of the emitting ions, then the quest for the proper
host crystal that will foster specific aspects of the active ion emission.
In this work we are interested in growing some rare earth ions doped single crystal
fibers during my Ph.D work. We grew these crystal fibers by the Micro-Pulling-Down
technique (μ-PD), which is a useful method to grow the fiber crystals. In the thesis, I
will show the properties of the Yb3+, Tm3+, Ho3+, and Er3+ doped crystals, with the
analysis of the spectroscopy.
In Chapter 1 I overview the different crystal growth techniques, and especially
explain the methods for fiber growth. Moreover The theory and the setup of the fiber
growth techniques are also introduced.
In Chapter 2 I discuss the setup of the μ-PD technique for the fiber growth, and
introduce the detailed growth conditions to get high quality single crystal fibers.
In Chapter 3 the general theory of rare earth ions doped laser materials are
discussed, and special attention is paid to the description of the energy levels
calculation as well as to relaxation and cooperative processes. I also introduce a very
useful method to calculate the cross section of the rare earth ions and the theory to
evaluate the intensities of the radiative transitions.
Chapter 4 shows the growth conditions and the process of Yb:LuAG (1% at) by
μ-PD technique, and characterizes the optical properties of this crystal by the
absorption and emission experiments. The laser output experiments also are carried
out with good results. These results show that the crystal grown by μ-PD technique
have high optical quality.
In Chapter 5 I discribe the growth of two more rare earth doped LuAG crystals by
μ-PD technique: Tm:LuAG ( 12% at) and Er:LuAG (0.25% at). Only the
spectroscopy of the Tm:LuAG is reported, because fo the poor optical quality of the
sample does not allow laser emission, in future I plan to measure the optical
properties of the Er:LuAG after my thesis.
Chapter 6 show a different rare earth doped fluoride crystal fiber (Ho:LiLuF4
(0.25% at) ) growth setup and process by the μ-PD technique. And do the
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measurements of the spectroscopy around 2 μm in order to study the possibility to use
this crystal as active materials in that wavelength region, and the absorption and
emission spectra are used the β-τ method to analysis, the cross sections are calculated
to evaluate the properties of the spectrum. The laser experiments are done in
cooperation with Prof. Martin Schellhorn group, which get a good laser output. The
comparison experiments are measured with the bulk crystal grown by Czochlaski
technique. Our spectroscopic and laser results on the fibers are in good agreements
with those reported for bulk crystals.
4
5Chapter 1 Crystal growth techniques
1.1 The choice of the growth method
As to the raw materials status, there are main three different growth groups: Vapor
phase, Liquid phase (crystal growth from solution and melt ) and solid phase
techniques. In the experiments the growth method depends on the materials' physical
and chemical properties, phase diagram and the features of every growth technique.
There are many different crystal growth methods, as shown in table 1.1.
The properties and the advantages and disadvantages are introduced in the next:
a. Vapor phase technique
The growth rate is very slow and difficult to get large size bulk crystals with this
technique, but the crystal optical quality is very high, the same technique is used to
grow semiconductors and organic film crystals too.
b. Crystal growth from Solution
The crystals internal stress is small and the uniformity is very nice grown by this
method, which has simple setup. However the proper solvent and higher temperature
accuracy are required. So it is not suitable to grow large size bulk crystals.
c. Crystal growth from melt
The growth rate is fast and crystals have complete shape with this technique, and
most of the laser crystals are grown from the melt, there are also several different
methods due to the furnace setup with this technique.
d. Solid state technique
This technique is very difficult to get the large size single crystals and it is just used
in some specific materials.
Crystal growth techniques
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Table 1.1 The crystal growth methods.
Solution
technique
Melt
technique
Vapor phase
technique
Solid state
technique
Film growth
technique
Decrease the
temperature
Czochralski
method
Vapor phase
epitaxial
method
High-pressure
method
Molecular
beam
epitaxial
method
Evaporation
with constant
temperature
Bridgman
method
Chemical
vapor
deposition
method
Recrystallization
method
Hydrothermal
method
Verneuil
method
Ions
implantation
Gel method
Guide mode
method
Flux method
Cold crucible
method
Zone melting
method
Floating zone
method
Micro-pulling
down method
In my work the crystals were grown by micro-pulling down (μ-PD) method which
is the new crystal growth technique from the melt.
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1.2 Crystal growth from melt
As shown in table 1.1, there many different growth methods from the melt, such as
Czochralski, Bridgman-Stockbarger and μ-PD method. For the crystal growth from
melt are very important characteristic is that are stoichiometric mixture of materials
melts congruently, i.e., the same crystalline phase is maintained before and after
melting. The melt growth requires significant understanding of the phase diagram, the
cationic make-up of the desired crystal composition. There are several necessary
conditions for the crystals growth from melt:
1) The materials must melt congruently. It means that the composition doesn't change
during the melting process.
2) Under the melting point the materials don't have the decomposition.
3) Between the melting point and the room temperature, there is not any solid state
phase transformation for the single crystals.
If the materials meet the three conditions, the melt growth is the proper technique
to grow the single crystals because of the advantages of this technique, especially for
the industrialization crystals growth.
We are interested in the crystal growth from the melt in present, and describe some
general techniques of the melt growth in the future sections.
Crystal growth techniques
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1.2.1 Czochralski technique
The Czochralski technique is a very useful method for the laser crystals growth,
especially for the large size crystals. And this technique was first originated by
Czochralski in 1917[1]. The setup schematic diagram for this method is shown in Fig.
1.1.
As shown in Fig. 1.1, the Czochralski technique (CZ) apparatus consists on a
crucible contained the materials in a protective environment, a heater melting the
materials and a seed rod pulling and rotating the single crystals. The raw materials are
melted inside the crucible by means of an heater. Then the temperature is adjusted are
Fig. 1.1 The Czochralski technique setup scheme diagram[2].
Crystal growth techniques
9
suitable value for the seed dipping. During the growth the seed rotate and is pulled up
to form the crystal boule.With the seed rotating and pulling up, the proper temperature
could make the melt form a small meniscus at the end of the seed. Because of the
liquid surface tension between the seed and the melt and the axial temperature
gradient, a small quantity melt rises with the seed and then crystallizes with the same
orientation as the seed. In this war the single crystal axially grows continuously by the
adjusting the temperature of the melt and the pulling up of the seed. Because of the
radial temperature gradient along the melt surface, the crystal also increase the
diameter or keep the diameter constant. At the end a large boule of single crystal is
taken out the melt. The CZ method is a common technique in melt growth. And there
are several advantages for this method:
1. The growth situation could be timely observed during the growth process.
2. The crystal is grown on the surface of the melt, without contacting with the
crucible, so it decreases the crystal internal stress and prevents the parasitic nucleation
on the wall of the crucible.
3. During the growth there is a process to decrease the diameter at first called necking,
which is very useful to decrease the dislocations. So with this method the
no-dislocations single crystal is able to grow with CZ technique.
4. The crystal diameter could be controlled by changing the temperature and the
growth rate.
With these advantages CZ technique is very useful and fast in the orientation
crystal growth. But there are several restrictions and disadvantages for this method.
1. The materials must be melt congruently and don't have any solid state phase
transformation between the melting point and the room temperature.
2. The crucible is necessary to contain the melt during the growth, so some impurity
could go inside the melt and affect the optical quality of the crystal.
3. Because of the materials segregation, the element composition isn't uniform inside
the crystal along the axial.
So it is very critical to setup the proper growth system stable temperature controller
and expertise growth technique for the high quality of the crystal.
Crystal growth techniques
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1.2.2 Other useful melt techniques
Bridgman technique is another very useful technique for the new single crystals
research. Bridgman technique is also called vertical gradient freezing (VGF) method,
and its scheme setup is shown in Fig. 1.2
Fig. 1.2 The setup scheme of the Bridgman technique.[3]
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There are three different temperature zones in the Bridgman furnace, and the
crucible moves from the heating zone to the cooling zone. At the end of the crucible
there is an orientation seed to grow a orientated single crystal. In the heating zone, the
raw materials are heated and start to melt, at last the melt is overheated. With the
movement of the crucible, when the melt enters inside the gradient, the melt
temperature starts to decrease, and keep a little undercooling. When the temperature is
proper, and the material starts to crystallize on the seed. Because of the temperature
gradient, the grown single crystal is the same orientation with the seed. When the
crucible passes the gradient zone, all the melt could crystallize a single crystal. As the
crucible moving through the cooling zone, the Bridgman technique crystal growth is
finished. A rod single crystal could be grown by this method. This technique is always
used to grow some Infrared nonlinear crystals with high vapor pressure.
The verneuil technique is a particular useful method for the high melting point
materials, especially for the gemstone crystals based on corundum (Al2O3). This
technique is also called flame fusion. The process of this technique is that, the raw
materials powders are melt by the flame with high temperature and continuous feed to
melt zone, and the single crystals crystallize on the directional seed. The setup scheme
of this method and the growth process is shown in Fig. 1.3. As shown in the Fig. 1.3,
the flame is made to impinge to a pedestal at first, where a small pile of partly fused
material quickly builds up. As the pile rises, it reaches into the hotter part of the flame,
so the tip becomes completely molten, and the molten region increases in size and
starts to crystallize at the lower end. As more powder arrives, the crystallization
region broadens into a crystal with a molten cap on the top. Meanwhile the pedestal
starts going down and the crystal continues to grow in the length.
Crystal growth techniques
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Fig. 1.3 The Verneuil technique setup scheme[4].
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1.3 Crystal fibers growth techniques
Because of the interested potentiality in the optical applications such as laser sources,
electrooptic modulators, transmission line, remote sensors, etc, the single crystal fiber
growth has been interested. The single crystal fibers is becoming a focus research
subject in recent years, and they have unique properties for the application in the
optical and electronic devices[5].compared to the bulk crystals, the fibers perform
uniform axial component distribution, the reason is that the melt zone and the relative
fast growth rate produce an effective distribution coefficient near unity leading. So the
crystal fibers growth techniques are very effective for new material research,
especially in university and institute laboratories. So the techniques to grow the fibers
are important in the research.
1.3.1 Single crystal fibers growth techniques
There are two different approaches to form the single crystal fibers in the laboratories,
the crystallization in a micro diameter tube and the containerless pulling of a fiber
from a melt meniscus. Nevertheless, Feigelson[6] succeeded to grow some fibers with
the thin tubes, the first way is difficult to used for high quality and long fiber growth.
It is very common to pull crystal fibers from a free melt meniscus. In this case, there
are several techniques for the fiber growth[6]. For example, the edge-defined film fed
growth (EFG), laser heated pedestal growth(LHPG) and so on. The choice of the
technique depends on the physical and chemical properties of the grown materials and
the unique properties of the method.
The fiber growth techniques could be classified two different categories: micro
Crystal growth techniques
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floating zone method and pulling techniques from a shaper (main die). For the micro
floating zone method, there are some variants due to the different principles of heating
and heat focusing (Laser beam, lamp and furnace) as well as the floating direction (up
or down). The pulling techniques from a shaped also varies to different pulling
direction from the wetting or non-wetting die.
1.3.2 Micro floating zone technique
Poplawsky[7] first used the pedestal growth experiment which used the arc image
furnace as the focus energy, from this experiment the function principles of the
diameter reduction of the crystal growth with floating zone technique is known. And
then laser heated pedestal growth (LHPG) was developed on the base of this
experiment in 1972[6]. This technique was first used to grow silicon in order to avoid
the container contamination, and then it has been widely used for single crystal fiber
growth. The main setup scheme of this technique is shown in Fig. 1.4.
Fig. 1.4 The LPHG technique setup Scheme[6].
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The beam of the CO2 laser is focused on the raw materials rod to melt the poly
crystals as the heater, a orientational single crystal rod is used as the seed to determine
the crystallographic orientation of the grown fiber. The growth process starts when the
lasers pot melts the materials, forming a molten zone. Then the seed contacts this zone,
and pulling up starts with a proper rate. The raw materials rod is moved upwards to
keep the molten zone height and size constant during the fiber growth. The fibers
diameter could be determined by controlling the laser power. And the fiber-to-rod
diameter ratio is set by the mass balance to be the square root of the source
rod-to-fiber translation rate. So the fiber and the source pulling rate could be
determined. This technique is possible to grow the fibers 0.10 - 1.5 mm in diameter
and in the length up to 200 mm. And the fiber growth rate is faster than other crystal
growth methods from the melt.
There are several advantages of the LHPG technique. The most important one is
that the melt does not touch the crucible walls during the growth. Because of this
advantage, there are less stresses and impurities defects inside the crystals grown by
this method, the defects are caused by the thermal expansion coefficient mismatch
between the crystallized solid and the crucible. So this technique could be used for the
growth of high reactive materials, semiconductors, intermetallic and inorganic
compounds, refractory materials, and oxides. And there are many different heating
methods used to the floating zone technique, such as induction radiation frequency
heating, electron beam heating, optical heating, laser heating and so on.
However, the float zone technique is only used to grow some special single crystal
fiber because of the difficulties in maintaining the stability of the molten zone. The
maximum of the liquid zone that could be support by its own surface tension increases
linearly with diameter for small diameters and approaches a limiting value for large
diameters. Another difficulty is to melt the entire cross-section and maintain planar
front at the melting and freezing interface for large diameter fiber.
Crystal growth techniques
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1.3.3 Pulling techniques from a die
According to the pulling direction these techniques could be classify two types:
pulling up and pulling down techniques.
A. Pulling up techniques from a shaper
Edge defined film fed growth (EFG) technique
The EFG technique comes from the Czochralski technique, and it is first used to
grow crystal by Stepanov[8]. In the EFG technique, the crystals are grown from a
melt film formed on the top of a capillary die(Fig. 1.5). The capillary channel
makes the melt rise to the top of the die through the action of the capillary force.
And the movement of the melt in the upward direction depends on the wetting
properties of the fluid. So the most important requirement in the EFG technique to
successfully grow a crystal is to keep the melt surface level high enough to
maintain complete contact between the melt and the crystals. So the EFG technique
requires good wetting property between melt and growing boule, in the opposite
case, addition pressure should be applied outside of the die to promote upward melt
float from the body of the melt to the liquid film.
Crystal growth techniques
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Because of the different shape of the crystals that is necessary for most
applications related to the actual devices, the EFG growth technique is considered
to be an attractive technique for the shaped crystal growth. However, EFG grown
crystals have low levels of the crystallographic perfection, it is the main
disadvantage for this technique.
B. Pulling down from a meniscus die
With usual growth techniques, which are expensive, time-consuming and temperature
limited, it is not a good choice to grow many samples with different dopants activator
such as rare-earth ions or transition metal ions. The micro-pulling down (μ-PD)
technique is a relatively young crystal growth method compared to other techniques
mentioned previously. In 1993-1994, this method was first used to grow crystals when
the principles of the system were published by Fukuda's laboratory[10]. The μ-PD
technique is very useful in producing single crystal fibers with good diameter
controlled and concentration homogeneity.
There are many advantages[10-12] for the μ-PD technique which were discovered
Fig. 1.5 The EFG technique setup scheme[9].
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by the researchers:
a). The crystal growth could be achieved in high pulling rate compared to the CZ
technique, because that the temperature gradient is high and the fiber diameter is
small, so the high growth speed doesn't cause the constitutional super-cooling, which
leads to the solid-liquid interface breakdown.
b). The grown crystal fibers have lower density of the dislocations because of the
lower thermal distortion.
c). At the bottom of the crucible for the μ-PD technique, there is a narrow nozzle,
which is useful to suppress the melt convection, so the doping concentration of the
growing crystal fibers is constant.
d). It is very easy to control the crystals shape and composition.
e). Both congruent and incongruent melting compounds could be grown to crystals.
f). This technique is a fast, simple, inexpensive and valuable method for the new
materials research. Table 1.2 is shown the advantages and the disadvantages for the
μ-PD technique.
Table 1.2 Advantages and disadvantages of the μ-PD technique
Advantages Disadvantages
Low segregation(about 1) Vibrations and seed shifting
High chemical uniformity and melt homogeneity Low volume productivity
Big length crystal fibers Crucible is necessary
Low cost Melt zone stability
High growth rate
Crystal fiber shape is nice for use
Easy crucible cleaning
Crystal growth techniques
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Due to these features, the fiber growth by the μ-PD technique is especially useful in
the the research of new multi-component materials. And the most important property
of the μ-PD technique is the high temperature gradient in the vicinity of the
solid-liquid interface, which leads to the high growth stability and homogeneous
distribution of the dopant inside the crystals. And the high temperature gradient is
very useful to avoid the constitutional super-cooling that is a serious problem when
growth rate is very high. Compared to CZ technique, the high quality crystals could
be grown much faster. For the μ-PD technique, the growth is through a narrow nozzle
at the bottom of the crucible, and the growth setup schematical diagram is shown in
Fig 1.6.
Fig. 1.6 The growth setup scheme of μ-PD technique[11].
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The fibers dimension grown by this technique is in the range 0.15 mm to 5 mm in
diameter and the length about 200 mm. And the raw materials are placed in the
crucible and melt, and the melt wetting the die then the oriented seed is pulled up to
contact the melt, at the proper temperature, the fiber is grown with a pulling down rate,
and the melt going down through the orifice of the crucible. The after heater is used to
adjust the temperature gradient under the crucible in order to regulate the solid-liquid
interface and keep its position stability at the bottom of the crucible. The shape and
the location of the growth interface is one of the most important parameters to affect
the optical quality of the crystal fibers. So the observation of the growth situation with
the CCD camera is very useful to check the solid-liquid interface.
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Chapter 2 Micro-Pulling Down technique
For the μ-PD technique, the growth system includes the crucible, the after heater, the
suitable heating source and the thermal insulation, which determines the temperature
gradient distribution around the crucible and the growth interface. The quality of the
crystal grown by this system depends on the configuration and the properties of these
parts as well as the puling down mechanism and the crystal growth dynamics of the
μ-PD technique. This chapter will discuss these considerations that affect the crystal
growth.
At first we discuss the system. A different heating system was used in μ-PD
technique, in fact the crucible is directly heated by a radio frequency field. According
to the grown materials properties and the crucible materials the proper heating system
is determined for the growth.
2.1 The crucible
The crucible is the critical part for the crystal growth, and its material, shape, the
bottom nozzle and the melt wetting properties are very important for the crystal
growth. In the μ-PD technique, the crucible and the after heater are the main part to
melt the materials, regulate the solid-liquid interface and the proper temperature
gradient for the growth. So the choice of the crucible is the key to the μ-PD technique.
2.1.1 The crucible materials
The selection of the crucible materials suitable for a particular crystal growth is based
Micro-Pulling Down technique
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on several requirements to any crystal growth with crucible:
a. The crucible materials melting point must be higher than the growth temperature.
b. The materials must be chemical resistant to the melt and the protection
atmosphere.
c. The materials mechanism must be mechanically strong enough to keep the shape
of the crucible for a long working time at the growth temperature.
d. The materials must be easy to machine to obtain the shape of the crucibles at room
temperature.
e. The crucible materials must demonstrate proper wetting properties with the melt.
There are several different materials used for crucibles for the μ-PD technique, table
2.1 list the most commonly used crucible materials. Most of the crucibles used in the
μ-PD technique are made from pure metals, however, sometimes the conditions limit
the use of the pure metal crucibles, so the alloys are used for the crucible materials,
especially the rare metals. The alloys based on Pt and Ir exhibit good properties and
are widely used as the crucibles.
Micro-Pulling Down technique
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Table 2.1 μ-PD technique crucible materials, melting points and the appropriate
growth atmosphere.[11]
Material Melting point(̊C) Growth atmosphere
C(dense graphite) 3500 Ar, Ar + CF4
C(vitreous) - Ar
Re 3180 Ar + H2(3-4%)
Mo 2617 Ar, Ar + H2(2%)
Ir 2410 Ar, N2, N2 + O2(1%)
Al2O3 2054 Air
Rh 1966 -
Pt 1772 Air, Ar + CF4
SiO2 1600 -
Au 1064 -
Al 660 -
Ir + 2% Re - Ar
Micro-Pulling Down technique
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2.1.2 The crucible shape
In the μ-PD technique, the crystals shape depends on the shape of the die of the
crucible at the bottom of the melt reservoir. Several different crucible bottom
configurations have been used to grow the crystals in the past decade in order to find
these crucibles applicable to the pulling down growth of shaped crystals. In Fig. 2.1
there are some examples of some Platinum crucibles used for the actual shaped
crystals growth.
In shape crystal growth, ideally the cross-section of the shaped crystals is
determined by the outer perimeter of the die, so the perimeters of the crucible and the
crystal are identical. However, for the μ-PD technique the perimeters are different
because the melt surface tension decreases the surface area of the meniscus in the melt
column. Thus, the crystals are more cylindrical than the shape of the die. And this
phenomenon becomes more evident when the height of the melt inside the crucible is
large. And the thickness of the meniscus also plays a very important roles for the
crystal shape. For difference of the melt wetting properties to the crucible materials,
Fig. 2.1 Side and bottom views of the Pt crucibles with vary shapes
of the dies used for μ-PD technique[11].
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the different thickness is modified for the crystal growth.
Another critical element for the shape of the grown crystals is the asymmetrical
temperature distribution below the crucible. And the temperature gradient under the
crucible is maintained by the after-heater. Because of the windows on the after-heater
and the thermal insulation which is required to enable visual control of the process,
the area of the meniscus to these windows is a little colder. And it affects the growth
interface. For these several factors, the crucible shape is very important for the μ-PD
technique.
2.2 The melt wetting properties
In the μ-PD technique, the melt wetting properties to the crucible materials is a key
influence for the crystal growth. And for a perfect crystal growth, the good wetting
properties are essential. It allows the melt to reach the end of the die and spread to the
surface of the die. It is easy to make the seed contact the melt and grow the crystals.
However, the non-wetting melt also could be grown for the μ-PD technique. Because
of the gravity of the melt, the growth could be continuous with the melt feeding by its
own gravity. But the growth situations are different for the different melt wetting
properties, which are shown in Fig. 2.2.
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So before the crystal growth with μ-PD technique, there are many important
properties for the system and the crystal materials to be determined first.
Fig. 2.2 The growth situations for different wetting
properties of the melt in the μ-PD technique[11].
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2.3 Capillary stability
For the fiber crystals growth, the capillary stability is the critical influence to
determine the shape of the fibers. The principles of the capillary shaping for different
fiber growth techniques are shown in Fig. 2.3. As shown in the Figure, the grown
crystal cross-section will keep constant if the growth angle
φ
(the angle between the
meniscus and the crystal growth axis) is constant. The angle value is 0φ which
determined by the thermodynamic equilibrium conditions at the three phase interface
line. However, this angle doesn't depend on the growth parameters such as the pulling
velocity, diameter or the melt zone height. For example 8̊ for <100> growth direction
YAG[5], 17̊ or <0001> direction sapphire[13]. In real growth situation, the growth
angle
φ
difference from 0φ by the perturbations of the meniscus height or radius leads
to non stationary variations of the crystal diameter as
dR / dt = v tan(
φ
- 0φ ) ≠ 0 (2.1)
During the pulling down process for the growth of silicon Shimamura et al[14]
found that when the growth angle is 9̊, the steady state with constant fiber diameter
was obtained(shown in Fig. 2.4). This situation is due to the melt gravity, i.e. the
hydrostatic pressure.
Kim et al. [15] studied the maximum stable melt zone length in floating zone
technique for the growth of sapphire and silicon crystal fibers when the crystal radius
equals the feeding rod radius ( the situation of a in Fig. 2.3). When the Bond numbers
B are much smaller than unity (B = ρ g d2 / 4 γ << 1, with ρ the density of the melt, g
gravity coefficient, d the diameter and γ the melt surface tension), the maximum
stable melt zone length l
max
and the zone stability are controlled by the surface tension.
This result is in good agreement with the theory according to which l
max
yields
l
max
= πd (with R = R0) (2.2)
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For the pedestal growth technique[12], the growth situation is R < R0, the theoretical
capillary stability is kept until R > R0 / 2. In the actual LPHG fiber growth even a
slightly higher reduction ratio in the range from 1/2 to 1/3 could be used. The stable
LPHG growth melt zone length for oxides is determined by
l
max
=
2
3
(R + R
0
) (2.3)
Fig. 2.3 Principles of the capillary stable crystal growth situations: a) Floating
zone(R = R0), b) Pedestal growth (R < R0), c) Pulling up from wetting shaper, d)
Pulling downward from wetting die, e) pulling up from non wetting shaper, f)
pulling down from non wetting die. (R - crystal radius, R0 - feeding rod radius, Rsh
- shaper radius, ϕ - growth angle, P - pressure)[16].
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For the case of fiber growth downward from a non-wetting die the maximal
meniscus height h
max
could be determined by[16]
h
max
≈ R
sh
= 2γ/P (2.4)
When the fiber growth is pulled from a wetting die by μ-PD technique or the EFG
technique, the relationship between meniscus and the grown crystal radius is given by
the equation
)]
cos
1
(cosh)
cos
([coshcos
0
1
0
1
0max
φφ
φ
−− −=
R
R
h
sh (2.5)
Schafer et al.[17] foud a good agreement between this equation and the experiment
meniscus height at the μ-PD technique growth for Si1-xGex fiber(in Fig. 2.4). Capillary
stable crystals with constant diameter in the range 0.5 d
sh
< d < 0.7 d
sh
were grown
without special diameter-control system.
Fig. 2.4 Meniscus height and corresponding diameter of pulling
down Si fibers, calculated from equation 2.5 and the experimentally
observed values[16].
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2.4 Segregation and the component distribution in μ -PD
technique growth crystals
In general, the segregation phenomenon is significant in the crystals grown from the
melt, and it leads to that the dopant concentration is not uniform inside the crystals.
However, this fiber growth technique as the implicit favorable advantage that the axial
dopant concentration is homogeneous. so this technique could achieve high pulling
rate and good optical quality single crystal fibers. Moreover the high temperature
gradient and the indirect heat flow ensure the morphological stability of the growth
interface.
For the crystal growth from the melt the dopant and the component distribution in
the crystals are very important. Because of the segregation when the melt crystallize
to the solid, the axial concentration gradient in the crystal always obviously exists,
and this character could decrease the range of single crystal optical applications. So
the segregation phenomenon must be determined at first. The concentration of dopant
in the crystal is C
s
and in the liquid is C
0
(or C
l
sometimes), and the ratio between the
two concentration is defined as segregation coefficient K
0
, where K
0
= C
s
/C
0
. When
the segregation coefficient K
0
is not unity, the segregation phenomenon is caused
inside the crystals grown from melt. In general, the segregation coefficient K is not
unity so that either more constituent is incorporated (K > 1) or less constituent is
incorporated (K < 1) than in the growth melt is built up into the crystal. In the case of
K = 1, it could be achieved theoretically in equilibrium or quasi diffusion less growth
process. This situation is very difficult to achieve for the bulk crystal growth, but may
be acceptable in certain case of low dimension fibers growth.
As the growth proceeds, the concentration of the dopants (C
0
) in the melt changes
in the case of the segregation coefficient is not unity, therefore the concentration in the
crystal (C
s
) tends to change. In particular C
0
decreases for K > 1, and C
0
increases for
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K < 1, so the concentration of the crystal C
s
along the fiber axis continuous changes.
Pfann[14] defined the effective segregation coefficient K
eff
with the consideration of
the solidified a fraction weight(g) for the complete mixing melt by the equation
1
0
)1( −−= effK
eff
s
gK
C
C
(2.6)
During the actual growth process the dopant inside the melt is rejected (K
0
< 1) or
preferentially absorbed (K
0
> 1) with the propagating of the solid-liquid interface,
therefore an enriched or depleted dopant boundary layer is formed in front of the
growth interface. And the width, δ, of the boundary layer is determined by the growth
rate, v, and by the diffusive and convective species transport in the melt which is very
difficult to predict. In 1953, Burton, Prim and Slichter[18] introduced a very popular
model, which is commonly used in melt growth studies, for the steady state of
segregation.
)/exp()1( 00
0
DKK
K
K
eff
υδ−−+
= (2.7)
Where, v is the growth velocity, δ is the thickness of the dopant borderline and D is
the diffusion coefficient of the melt.
If the effective segregation coefficient K
eff
is unity, the growth rate v is high or the
boundary layer thickness δ is big. And a high homogeneous dopant crystal could be
get. If the melt is stirred, the boundary layer is almost reduced to zero by the melt
flow and K
eff
equals K
0
. In this case the axial concentration distribution of the dopant
is typically nonuniform. So the equation 2.7 could determine the dopant distribution
inside the crystal.
In normal crystal growth, there is neither the case of high growth rate (K
eff
= 1) nor
the case near the equilibrium (K
eff
= K
0
). In the actual crystal growth, the effective
distribution coefficient K
eff
lies between the equilibrium coefficient K
0
and the unity,
and it depends on the diffusion boundary layer δ and the growth rate v. In the μ-PD
technique growth situations, the starting materials are completely mixed and melt.
Compared to other melt growth techniques, the volume ratio of the bulk melt to the
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growing crystal fibers is very large, so the dopant concentration change is very small
for a considerable length of the crystal. A quasi-diffusion controlled regime could be
obtained if the capillary of the feeding nozzle is thin and long enough to satisfy the
ratio v
cap
>> D / L
cap
(v
cap
means the melt speed in the capillary = crystal pulling rate
v
cry
= v, D means the diffusion coefficient of the given solvent in the melt, L
cap
means
capillary length), well known from the double crucibles CZ technique.
(a) (b)
(c)
Fig. 2.5 Axial distribution analysis in the melt
capillary during the μ-PD technique process of
Si1-xGex with the scheme of the growth agreement
(a), and calculated curves of the steady-state Ge
distribution in zone I and II (b) at various
crystallization v
cry
rates and constant d
cry
/d
cap
= 1.6,
and (c) various d
cry
/d
cap
for constant v
cry
[16].
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Uda et al.[19] analyzed the characteristics of the axial distribution in the crystal fiber
grown by μ-PD technique in detail(shown in Fig. 2.5a). The solute boundary volume
was differentiated into the melt zone I next to the growth interface and the capillary
zone II leading to the bulk melt. In the model system, and in the steady-state situation
for the both zone, the distribution curves of Ge for these two zones depended on the
ratio of crystal-to-capillary diameter (d
cry
/d
cap
) and the growth velocity as shown in
Fig. 2.5 b and c. As shown in the Fig., there are deflections at the interface between
zone I and II, and the differences depend on the growth velocity and the capillary
diameter. So when the growth rate is big or the orifice is small enough, the effective
segregation coefficient is about unity in the steady-state growth situation.
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Chapter 3 Rare earth ions theories in the
laser materials
For the laser materials, they are constituted of two parts: Luminescence centers and
host materials. Most of the luminescence centers for the laser crystals are the active
ions, which replace parts of the cations of the host crystals. The transition metal ions
and rare earth ions are the main doping active ions for the laser materials. For the
transition metal ions, the outermost electrons are on the d layers, so they are easy to
be affected directly by the crystal field, the spectroscope properties differences are
large in the different host crystals. However, the outermost electrons of rare earth ions
are 4f layers' electrons which are shielded by the 5s and 5p layers' electrons, so the
effects are weak by the crystal field.
Because of the electronic properties introduced above, the rare earth doped laser
materials have been extensively studied since the appearance of the laser materials.
The interesting properties for the study of these ions doped materials relate to their
surprising narrow absorption and emission bands.
In this chapter we will describe the rare earth ions properties and the theory of the
energy transfer in rare earth doped materials. And the results are based on the work of
the references [19, 20]
3.1 Rare earth elements
Rare earth elements are the Lanthanides elements with the atomical number Z
between 57 to 71 and the Yttrium element (39) that have similar chemical properties.
Which are that: their atomic structure is similar and the ionic radius is approaching
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with each other(the main rare earth ionic valency is trivalent, and the radius are from
1.06 × 10-10 m ~ 0.84 × 10-10 m.). A trivalent lanthanide has the electronic
configuration of Xenon (1s22s22p63s23p63d104s24p64d105s25p6) plus two electrons in
the 6s state, a partially filled 4f shell, and another electron is occasionally found in the
5d1 state. These elements are chemically similar to Yttrium ([Xe]4d15s2) and
Lanthanum ([Xe]5d16s2) and can substitutionally replace these elements in materials.
The triply ionized state is dominant in crystals, although some can be found in the
doubly ionized state (especially Eu, Sm, Yb) and seldom in the four-times ionized
state (in particular Ce, Tb) under proper conditions.
Rare earth ions are playing an important role in modern technology as the active
constituents of many optical materials. There are so many applications for the rare
earth ions doped materials and much of today's cutting-edge optical technology and
emerging innovations are enabled by their unique properties. Because of the rare
earths 4fN to 4fN optical transitions with long lifetimes, sharp absorption lines, and
excellent coherence properties, and the 4fN to 4fN-15d transitions with large oscillator
strengths, broad absorption bands, and shorter lifetimes, the special applications could
be achieved for these properties.
In order to study these different properties of rare earth ions in different materials,
we introduce the energy levels first.
3.2 Rare earth energy levels
When the two 6s2 electrons and another one electron in the 5d or 4f shells of the rare
earth atoms form bonds with the neighboring fluorine and oxygen atoms, the triple
valence ionized state occurs. And then the electrons remained in the 4f shell are
shielded from the surrounding crystal environment by the filled 5s and 5p shells, that
have a larger spatial extension with spherical symmetry; at the first order of
perturbation theory the screening can be considered as their only effect. So only the
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interaction among the electrons in the 4f shell is taken into account when the rare
earth ions energy levels are calculated.
3.2.1 Free rare earth ion
For the case of the free rare earth ion, the Hamiltonian operator is used to describe the
system. And the operator can be factorized in a part containing the angular
dependence which holds information regarding the number of levels, their
arrangement and the selection rules while the remaining part can be written as follows
(neglecting the exchange-correlation terms):
=+++=
soeeen
VVVTH
∑∑∑∑
=<==
⋅++−∇−=
N
i
iii
N
ji
ij
N
i
i
N
i
i
lsr
r
e
r
Ze
m 1
2
1
2
1
2
2
)(
2
��ℏ
ζ
Eq. 3.1
Where N is the total number of electrons in the incomplete shell, Z is the atomic
number, e and m are the electron charge and mass respectively, r
i
is the radial
coordinate of the i-th electron, r
ij
is the relative position of the electron i respect to the
electron j,
i
s
�
and
i
l
�
are the spin and the orbital momentum for the i-th electron and
)(
i
rζ
is the spin-orbit interaction constant. In Eq. 3.1 the kinetic energy (T) the
electrostatic interaction between the electrons and the nucleus (V
en
) and between each
couple of electrons (V
ee
) represents the first three parts, and the spin-orbit interaction
(V
so
) is the fourth term.
The central field approximation is useful to introduce to the equation, which
described by the following Hamiltonian operator:
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With U representing the central field potential, that includes V
en
and the spherical
symmetric part of V
ee
. This approximation assumes that the electrons are moving
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independently with each other in a potential in the form -U(r
i
)/e.
The corresponding Schrödinger equation is H
cf
Ψ = EΨ. A solution could be written
as this type:
∏
=
Ψ=Ψ
N
i
i
1
with ∑
=
=
N
i
i
EE
1
Eq. 3.3
Where Ψi and Ei are the eigenfunction and the eigenvalues of the i-th one-electron
problem. Because all the terms of Eq. 3.2 are spherical symmetric, the degeneracy of
the 4f electronic configuration can not be removed. The solution of the equation is the
same as the the Hydrogen atom (with the potential -U(r
i
)/e being known as -e2/r):
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are the spherical harmonic functions and ( )
inl
rR
are the radial
functions. Due to the Pauli exclusion principles, the global eigenfunction must be
antisymmetric, therefore it assumes the characteristic form:
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Where the sum extends to all the N! permutation P
i
of the electronic coordinates, and
i
p)1(− equals to ± 1 for even or odd permutations, respectively. At this level the
principal quantum number n, the orbital angular momentum l and its component along
the quantization axis m
l
are good quantum numbers.
Because the rare earth ions electronic structure is complex, so it is clear that a single
electron representation could not describe the structure of the rare earth energy levels;
the problem is solved when the perturbation potential
cf
HHV −= is introduced. This
potential splits the highly degenerated free ion states, and the energy levels can, in
principle, be found calculating the matrix elements of V: unfortunately such an
approach assumes a large amount of calculations and fails to solve the problem of
labeling the energy levels.
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3.2.2 Coupling schemes
In order to solve the problem of labeling the energy levels a proper set of basic
functions built from one-electron functions should be chosen in order to diagonalize
the problem. The choice of the proper base depends on the order of magnitude of the
terms that compose the perturbative potential. If V
ee
>> V
so
the most commonly used
coupling scheme is the Russell-Saunders coupling (also known as L - S coupling): in
that scheme V
ee
is diagonal because the orbital angular momentum L and the spin
momentum S are the sum of the single electron orbital and intrinsic angular
momentum ∑=
i
i
lL and ∑=
i
i
sS (obviously J = L + S); as suggested by the name, L
and S are good quantum numbers and are used to label the energy levels in the L - S
coupling. This coupling is always efficient in describing most of the lanthanide ion
ground states.
On the opposite, the j - j coupling requires V
ee
<< V
so
and it works well to describe
heavy ions: l
i
and s
i
are first summed to give the total one-electron angular momentum
j
i
= l
i
+ s
i
and then coupled to get ∑=
i
i
jJ .
However most of the rare earth ions described neither by the Russell-Saunders
coupling nor by the j - j coupling unfortunately, and an intermediate coupling scheme
should be used for V
ee
> V
so. The states with the same J having different L and S are
mixed because of V
so
, moreover even a [ ]JSL representation fails to provide a unique
labeling for the rare earth ion levels.
The problem could be solved with the continuous group theory beyond the classical
approach: irreducible representation of high order group will be used to label the
energy levels.
The free ion states, obtained by diagonalizing the combined electrostatic and spin-
orbit energy matrices, are linear combination of Russell-Saunders states[22] of the
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form:
[ ] ∑=
SL
NN
SLJfSLCJSLf
γ
γγγ )( Eq. 3.6
Where γ includes whatever other quantum numbers are required to specify the states.
Optical line spectra of rare earth arise from transitions between levels of the 4fN
configuration. The positions of these levels arise from a combination of the Coulomb
interaction between the electrons, the spin-orbit coupling and the crystalline electric
field. The resultant splittings of the 4fN configuration are shown schematically in Fig.
(3.1). The electrostatic interaction yields terms 2S+1L with separations of the order of
104 cm-1. The spin-orbit interaction then splits these terms into J states with typical
splittings of 103 cm-1. Finally, the J degeneracy of the free ion states is partially or
fully removed by the crystalline Stark field, yielding a Stark manifold usually
extending over several hundred cm-1.
3.2.3 Rare earth ions in the crystal field
When the rare earth ions are placed in the crystal field, there is the effect of the
crystalline field due to the environment that surrounds the ion as an impurity in a
crystal. The problem has been approached in two different ways: by means of the
ligand field theory introduced by Ballhausen[23], and the crystal field theory
introduced by Bethe [21].
In the first model the interaction between the rare earth ions and the surrounding
environment is considered as predominant, therefore molecular orbitals with the
surrounding ions are created. Such a theory is more indicate to treat the electrons of
the 3d valence-shell of the transition metals because they are not shielded from the
crystalline field and will be not investigated in the present work.
For the rare earth ions, the crystal field reduces the 2J + 1 fold degeneracy of free
ion states in Eq. 3.6 and causes a small mixing of J states. Because of the shielding
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effects of the outer 5s and 5p shell electrons, the crystal field interaction with the
inner 4f electrons is weak. So the crystal field can thus be treated as a perturbation on
the free ion states. The crystal field theory assumes that the potential can be expended
in the spherical harmonic terms of the following form:
∑=
ikq
k
q
k
qcf
iCBV
,,
)( Eq. 3.7
Where the factors k
q
B
are parameters describing the strength of the crystal components,
k
q
C
are tensor operator components which transform as corresponding spherical
harmonics and the index i runs over the whole number of electrons of the central ion.
In this approximation the crystal field is assumed as generated by the superposition of
the electrostatic potential of the other ions, the group theory and the punctual
symmetry determine that 6≤k .In this model V
cf
is regarded as a perturbation to the
energy levels that removes partially or totally the degeneracy on the component of J
along the quantization axis: the new sublevels are named Stark levels.
Optical line spectra of rare earth arise from transitions between levels of the 4fN
configuration. The positions of these levels arise from a combination of the Coulomb
interaction between the electrons, the spin-orbit coupling and the crystalline electric
field. The resultant splittings of the 4fN configuration are shown schematically in Fig.
3.1. The electrostatic interaction yields terms 2S+1L with separations of the order of 104
cm-1. The spin-orbit interaction then splits these terms into J states with typical
splittings of 103 cm-1. Finally, the J degeneracy of the free ion states is partially or
fully removed by the crystalline Stark field, yielding a Stark manifold usually
extending over several hundred cm-1.
In Fig. 3.1 we report the typical order of magnitude of energy level splitting
inferred from absorption and emission spectra that are characterized by relatively
narrow and well separated bands made up of several distinct absorption or emission
peaks corresponding to the Stark sublevels.
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The punctual symmetry of the crystal at the position of the ion is the main factor for
the splitting of the energy levels and for the transition selection rules, for this reason
the knowledge of the punctual group theory becomes fundamental to study the
manifold of the rare earth ions [24]. The k
q
B
parameters can not assume all the values
but are limited by the fact that V
cf
must be invariant under the operation of the
punctual symmetry group. Kramer's theorem demonstrates that for an odd number of
electrons, whatever the punctual symmetry, every Stark sublevel is at least two-fold
degenerate due to the Hamiltonian symmetry for temporal inversions.
It is now clear why, even if the dipole transition between the various levels are
parity forbidden because they belong to the same shell 4f, electronic transitions occur:
the odd part of the crystalline field causes a little mixing of various sublevels with
different parity. Then the transitions are not strictly forbidden and rare earth ions reach
excited states showing radiative transitions with very long decay times up to tens of
ms: such a phenomenon suggested to adopt for the long living rare earth ions levels
the name of metastable levels. A scheme of the energy levels for all triple-ionized ions
is shown in Fig. 3.2.
4fn
104 cm-1
103 cm-1
102 cm-1
Fig. 3.1 Scheme of the splitting of rare earth energy levels due to the
electrostatic, spin-orbit and crystal field interactions.
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Fig. 3.2 Schematic diagram of the energy levels of the triply rare earth ions.[25]
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3.3 Energy levels transitions in rare earth doped materials
The energy transfer mechanisms of rare earth doped crystals occur among energy
levels of the same ion or different ions. Relaxation studies are concerned with the
appearance or absence of emission lines and their intensities. The decay of rare earth
luminescence is principally a result of transitions between J manifolds. Relaxation
within a J manifold is rapid because the level separations are generally within the
range of phonon energies and hence one and two phonon processes are very probable
as we will see in the next items. These relaxation processes can be divided into three
main categories:
� Radiative relaxation
� Non-radiative relaxation
� Cooperative mechanisms
The simplified energy level scheme diagram for a rare earth in Fig. 3.3 illustrates
possible decay modes involving transitions between J manifolds. As shown in the
diagram, with the absorption of optical radiation, the excitation transition occurs from
the ground state 0 to one or more upper levels 3, 4, 5. When the upper levels are
closely spaced, the relaxation occurs with non-radiative decay to state 3 shown with
dotted lines transitions. The energy gap between 3 and 2 is large enough, the radiative
relaxation with one photon emission is more probable than non-radiative transition,
from level 3 to terminal levels 2, 1, 0, denoted by straight lines. And levels 2 and 1
relax to ground state by several phonons emission subsequently.
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The lifetime of an excited multiplet a can be expressed as:
∑∑ +
=
b
NR
ab
b
R
ab
a
WW
1
τ Eq. 3.8
Where the index b runs on the final states, R
ab
W
is the radiative decay rate and NR
ab
W
represents the rate of non-radiative decays and cooperative mechanism between ions.
For the actual decay time measurements, a phenomenon called radiation trapping
could be affect the results. Which consists in radiative emission from one excited ion
and immediate reabsorption of the emitted photon be another ion, as a consequence,
the actual decay time will be overestimated.
Fig. 3.3 The scheme of the energy levels for the radiative (solid lines) and
non-radiative relaxation (dotted lines) decay models of rare earth ions.
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3.3.1 Radiative relaxation
As suggested by the name of the process, when there is a photon emission from the
excited state decay to the lower energy level one, the transition is radiative. The
thermal equilibrium among the different Stark sublevels of a manifold is so fast
(10-12~10-13 s) that it permits to consider the initial manifold as a single level. So the
spontaneous emission rate from the starting level Ψ
i
to the final one Ψ
f
could be
expressed by the Einstein coefficient[26].
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Where v
if
is the frequency of the transition, g
i
is the degeneracy of the starting level
and P represents the operator responsible for the transition.
All the transitions under investigation happen between electronic levels of the same
configuration 4f: these decays would not be allowed in the electric dipole
approximation due to the parity selection rule. The magnetic dipole and electric
quadrupole transitions are allowed but their contributions to radiative decay are
generally small or negligible and, therefore, can not be able to explain the intensity of
the experimental spectra. The weak oscillator strengths and other experimental
evidences suggest that the transitions happen because of induced dipoles produced by
the influence of the crystal field, by means of its odd components that mix 4f states
having different parity. With appropriate eigenstates for the rare earth, the
probabilities for magnetic dipole and electric quadrupole transitions can be calculated,
similar calculations for electric dipole transitions are not possible. The reason was
shown in Ref. [27] and the Judd-Ofelt treatment was applied to interpret the optical
intensities of rare earth ion. With this theory we can calculate the radiative life time
R
a
τ
and the fluorescence branching ratios β
ab
from a level a by:
∑=
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W
τ
1 Eq. 3.10
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respectively, where the summation are over all terminal levels b.
The lattice vibrations are also a contribution to the decay rate as a correction arises,
due to the coupling of the phonon field with the electronic levels vibrational
sidebands appear. The vibrational sidebands correspond to transitions between the
fundamental vibrational state of the excited level and the excited vibrational states of
the low-lying electronic level. They are less energetic than the purely electronic
transition ( called zero phonon line[28]) and could be observed at longer wavelength,
as the temperature increases the vibrational levels of the excited state become
populated and the sidebands appears at wavelength shorter than the zero phonon line.
The intensity of those sidebands is a measure of the strength of the coupling with the
phonon field.
3.3.2 Non-radiative relaxation
For the non-radiative relaxation, the phonons play a fundamental role during this
process in the rare earth doped crystals. When the excitation energy is released to the
crystalline lattice as phonons, this relaxation decay processes become more surprising
in this case. The non-radiative decays between J states could occur with the emission
of several phonons simultaneous to achieve the energy transition. Because of the
vibrations of the lattice for the crystal field, the energy conversed as the phonon could
transfer to the lattice vibrations. So the lattice and the rare earth ions are treated as a
coupling system.
Non-radiative decay could shorten the decay time of the excited levels with the
energy gap decreasing between the excited levels and the lower ones. If the of energy
levels differences are small enough that the relaxation transitions could quench to the
final levels extremely.
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For a simply approximation, the rare earth ion is assumed as a point charge, so it is
possible to expand the crystal field Hamiltonian H
cfd
in a Taylor series around the
equilibrium ion position.
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Where V
cfd is the static crystal field of Eq. 3.7 and Qi is the i-th normal mode
coordinate. Experimental data allow us to adopt the approximation till temperatures of
several hundreds degrees. Since the cut-off of the phonon spectrum is of the order of
hundreds of wave number (the maximum is reached in oxide crystals with about1000
cm-1), non-radiative relaxation must involve many phonons.
With Eq. 3.12, the multiphonon relaxation rate could be calculated, but the
quantitative predictions could not be achieved, we just get the order of the magnitude.
Another approach is the phenomenological one which is based on a single-frequency
phonon model with weak electron-phonon coupling.
iigap
pE ωℏ=∆ Eq. 3.13
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=
−1p
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Where p
i
is the number of the phonons that the energy of the phonons is necessary to
overcome the energy gap
gap
E∆ and transfer to the lower level,
i
ω
is the frequency of
the phonons and ϵ is the coupling constant. And the temperature dependence can be
expressed as a function of the occupation number n
i
of the i-th phonon mode.
i
p
i
nWTW )1()( 0 += Eq. 3.15
W
0
is transition rate at the zero degree (W
0
= W (T=0)). Since phonons are bosons, so
n
i
is the Bose-Einstein distribution.
For the rare earth ions, the relaxation just achieves among the sublevels of the
manifolds. So temperature transition rate from a upper Stark levels to b lower ones,
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with the assuming the validity of the Boltzmann distribution[29] in every manifold,
could be written as:
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∑ ∑
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Where W
ab
is the rate of the decay from the a multiplet level to the b lower one, g
a
is
the degeneracy and
a
∆ is the energy of the a level.
The multiphonon decay relaxation dependents on the energy gap between the two
manifolds for the transition. So with Eq. 3.13 and 3.14, the phenomenological
expression is
gap
gap
E
E
CeW
∆−
∆
== αωε maxℏ Eq. 3.17
The values of a and C are positive-definite constants depend on the crystalline host,
being C in the range 1012~1013 s-1, as previously stated.
3.3.3 Cooperative mechanisms
For the rare earth ions doped inorganic laser materials, when the rare earth dopant
concentration is large, the relaxation mechanisms absorption and emission as single
particle process described previous does not hold. Because the space becomes shorter
for the rare ion to another, the exchange interactions in the case of wave-function
overlapping, super-exchange interactions with intervening ions involved, and
electro-magnetic multipolar interactions of the neighbour ions could bring about a
new coupling process. The rare earth ions can undergo an interesting and peculiar
cooperative energy transfer mechanism. In this mechanism the excitation can be
transferred from a donor ion to an acceptor one. Because the decay-times are so long,
the manifolds can act as energy sinks and permit different mechanisms of energy
transfer that could not take place if the lifetime of the excitations were not long
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enough.
Föster[30] and Dexter[31] introduced the energy transfer theory in the rare earth
doped crystals first, however in the last decades various theoretical methods were
developed to describe the mechanisms of the relaxation for the rare earth doped
materials.
As shown in Fig. 3.4, the energy transfer rate between the rare earth ions A and B
could be written in the following equation in the case of omitting the interaction
between the lattice and the ion.
∫ΨΨΨΨ= dEEfEfHW BABABAAB )()()2()4()3()3(
2 2
intℏ
π
Eq. 3.18
Where H
int
is the ion-pair coupling Hamiltonian, ΨA(4) and ΨB(2) are the initial states,
while ΨA(3) and ΨB(3) are the final ones and fA(E) and fB(E) represent the normalized
line-shape function for the transition of the ions A and B. When the kind of the
ion-pair coupling is known, the equation could be calculated.
Fig. 3.4 Cooperative relaxation.
A B
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If the interactions are the electronic clouds interactions of the ions A and B, the
Hamiltonian operator H
int
is
∑ +−=
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jBiA
es
rrR
e
H
, ,,
21
ε
Eq. 3.19
Where ε is the dielectric constant of the medium, r
A,i
and r
B,j
are the coordinate vectors
of the i-th electron with respect to donor A and j-th electron with respect to acceptor B,
and R is the internuclear separation between A and B.
A more detailed description takes into account the contribution of the magnetic
dipole:
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Besides the electromagnetic interactions, the exchange mechanism can be
represented by
∑ ⋅=
ji
jiijex
SSJH
,
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Eq. 3.21
Where
i
S
�
and
j
S
�
are the spin moments of the two ions and J
ij
is the exchange integral.
Because of the interactions between two ions, the energy transition and relaxation
achieved as shown in Fig. 3.4. It is necessary that the energy gaps (E4-E3) = (E'3-E'2)
for the achievement of this process, while there is no other interaction.
As the ion-lattice coupling is considered, the processes can also be non-resonant
and can require the creation or destruction of phonons. The different processes, whose
schemes are depicted in Fig. 3.5, are:
�Migration
The energy transfers from an excited ion to another one with lower energy levels.
For this mechanism, the process is that a previously excited ion relaxes and the
energy transfer to another one, and the second ion achieves the excitation. This
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process could be achieved either between two ions with the same kind or between
two different ones. And the energy transfer could occur with a resonant transition
or non-resonant one (the transfer involving one or more phonons emission or
absorption).
�Cross-relaxation
This process is that an ion decay from an excited state to a lower energy one
(with the exception of the ground state) and the energy transfer to another ion
with it transition to an excited state. This process always occurs between the same
kinds of ions. And the result of this relaxation, the two ion are excited and the
sum of the energy is equal the initial energy. During this process the phonon also
could play a role, whose condition of the conservation of the energy is still
fulfilled provided that one takes into account the phonon energy.
�Up-conversion
The process occurs between two excited ions, usually of the same kind. During
the process, the energy transfer leads to one ion pumped to upper state with the
sum energy of the previous ions, and the other ion transfer to the ground state. In
this relaxation one or more phonons could be involved in the energy transfer.
Another transition excited state absorption (ESA) is also very important in the
rare earth ions doped materials. It takes place when an excited ion absorbs the
pump radiation thus reaching a higher level. Even if it is not an energy transfer
process between ions inside the crystals, it is also important for research of the
energy transition and the absorption spectra of the rare earth ions. The
mechanisms is shown in Fig. 3.5 (d).
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(a) Resonant transfer (Migration)
and non-resonant transfer.
(b) Cross-relaxation
(c) Up-conversion (d) ESA
Fig. 3.5 Schemes for the various energy transfer mechanisms and
ESA.
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3.4 Analysis theories and methods for the spectrum
In this thesis, the analysis of the absorption and fluorescence spectra needs some
special theories and methods. I will introduce these methods in this part.
3.4.1 Emission cross section calculated by β-τ methods
Emission cross section is a important parameter to characterize the intensity of the
active ions emission transition. In this section, two methods are described to
calculated the stimulated emission cross section: the reciprocity method and the β-τ
method developed by Aull and Jenssen[32].
Because of the effects of the local crystal field, the polarization is induced into the
rare earth doped crystals, so it leads to the introduction of the concept of the emission
cross section for the fluorescence measurements. The stimulated cross section σ(v) is
defined as the intensity gain of a laser beam per unity of population when no
saturation effects are present or no ESA processes occur. So it is a important
parameter to determine the laser effects.
In order to calculate the emission cross section, some basic assumptions has to be
done: at first, all the energy spacing between the J manifolds should be not too large,
on the other hand the suppose of population in every sublevel respects the Boltzmann
statistics when the pump is steady state.
From the definition of σ(v), it follows that the stimulated emission cross-section is
proportional to the Einstein's B coefficient, which could be calculated from the
absorption and spontaneous emission. So we get the following equations:
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Where σ
ji
and σ
ij
are the cross sections for the spontaneous emission and absorption of
the j → i transition, g
i
and g
j
are the degeneracies of the i and j manifolds, A
ji
is the
spontaneous emission rate per unit time for j → i transition, g
ji
(v) represents the
normalized line shape factor and n is the refractive index of the crystalline host.
When the pump power is low, the fluorescence signal strength I
ji
could be get by:
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Where N
j
is the population density od the level j, and G is a calibration factor
representing the fraction of the fluorescence which is collected by the optical
detection apparatus corrected for the optical response of the system. With Eq. 3.23
and 3.24, I
ji
could be written as
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At first, we describe the reciprocity method to calculate the emission cross section
from the absorption spectra coefficient ɑ, the dopant doping concentration N and a
detailed knowledge of the energy level positions of the active ion.
With the absorption coefficient and dopant concentration, the absorption cross
section is defined as
N
abs
α
σ = Eq. 3.26
As mentioned previous, the cross section of the absorption and emission processes
arising from the upper levels at the energies E
j
to the lower ons with E
i
energies could
be expressed as
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Where Z
u
and Z
l
are the partition functions of the upper and lower levels respectively
which are measured from the lowest Stark sublevel.
( )∑ −=
k
kk
kTEgZ /exp Eq. 3.29
It is useful to express the energy separation by means of
ZLij
EhvEE −=− Eq.3.30
Where E
ZL
is the zero phonon line, i.e., the energy of the transition from the lowest
Stark sublevel of the upper manifold to the lower one.
With the Eq. 3.22, 3.27, 3.28 and 3.30, we can get the emission cross section as
following
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The emission cross section with reciprocity method is calculated from the
absorption spectra, it is not so precise for some active ions with complex Stark energy
levels. So the method is necessary that get the results from the measurements of the
fluorescence and the radiative lifetime of the manifold.
When the pump laser is pulsed, the temporal behavior of the fluorescence signal
should be exponential with a time constant τ
f
.
NR
R
NRR
f
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Eq. 3.32
Where τ
R
is the radiative lifetime, WR is the radiative relaxation rate and WNR is the
non-radiative one. A useful quantity is the radiative quantum efficiency of η
a
a
manifold a, defined as:
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That is equal to the ratio between emitted photons and excited ions. Using the
definition of the quantum efficiency, it is possible to write as
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Eq. 3.34
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Where f
j
represents the fraction of the population pumped in the sublevel j calculated
by the Boltzmann statistics.
If the radiative lifetime τ
R
is known, A
ji
could be written as
Rj
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ji
f
A
τ
β 1
= Eq. 3.35
Where β
ji
is the branching ratio for the transition j → i, it means that the fraction of
the total photon flux emitted from the upper manifold. Such a parameter could be
calculated from the experimental fluorescence spectrum.
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This method needs the approximation of steady state pump, the total number of
excited ions in the emitting multiplet N
tot
is linked to the population of the manifold j
by the equation
totjj
NfN = . Summing over all the possible states and over all the
frequencies both sides of Eq. 3.24 and dividing by hv, it is possible to use Eq. 3.34 to
obtain:
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According to this equation, replace the GN
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in Eq. 3.25, the equation changes to
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Where ∑=
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vIvI
,
)()( is the total fluorescence, and the integral has to be
performed on the entire fluorescent spectrum.
Considering the overlap with the other transitions k → l, we must correct the
stimulated emission cross-section as:
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Replace the σ
ji
(v) with Eq. 3.38, and convert the frequency v to wavelength λ, and
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we get a equation.
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In Eq. 3.40 all the terms are known or can be calculated but f
j
, and it has become
normal practice to define an effective cross-section neglecting this factor. If the crystal
has different crystallographic axes the formula has to be corrected in:
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Where the sum has to be intended over the different polarizations and the index p is
a label for the orientation.
3.4.2 Judd-Ofelt theory
The Judd-Ofelt theory model was developed independently by Judd[33] and Ofelt[34]
this theory allows to estimate the decay rate for the transition and consequently to
compute the radiative decay time.
For the simple ions coupling scheme introduced in 3.2.2, the wave functions are
∑=Φ
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SLJfSLJC
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Where S, L, and J are the intrinsic, orbital and total angular momentum, μ labels the
Stark sublevels and C(μSLJ) is coefficient. Due to the interaction caused by the odd
components of the crystal field odd
cf
V
, the eigen functions for a-th levels at the first
perturbative order are
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Where the sum is over all the states with opposite parity with respect to
a
Ψ ,
because of the mixing with wave functions belonging to higher configuration of the
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type nln-1n'l', electric dipole transition become possible.
At first, consider the electric dipole as the main interactions, and the matrix
elements of the operator
P
�
between
a
Ψ state could be written as
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Where ∑−=
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1962 Judd and Ofelt proposed a solution with some assumption, and the matrix is
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t, and Y(t, q', q) are the phenomenological parameters. In the intermediate coupling
scheme the line strength is defined as
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The matrix elements of U(t) could be calculated, and they are almost independent on
the crystalline host but just only dependent on the ions. And because of the Eq. 3.7,
the selection rule on J is 6≤∆J , and the matrix U(t) elements are zero for t > 6. So the
only parameters to be calculated are Ω2, Ω4, and Ω6. These parameters could be
obtained from the room temperature absorption coefficient ɑ(λ). So the line strength is
written as
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Where N is the dopant density, n is the refraction index of the material,
λ
is the
average wavelength for the transition, γ is )/(2 ce ℏ , and χ is the Lorentz local field
correction. In the case of electric dipole χ is
9
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ed
χ from the absorption
spectra, and the values of Ωt could be evaluated from Eq. 3.47. The error for the
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estimation is
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Where i refers to the transition, q is the total number of observed transitions and p is
the number of the parameters to be calculated.
For the magnetic dipole transitions, they are not parity forbidden, they follow the
selection rules: 1,0,0 ±=∆=∆=∆=∆ JLSµ . The magnetic dipole operator is
defined as
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So the spontaneous emission rate is
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The line strength for the magnetic dipole transition are
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The Lorentz local field corrections are equal to n for the absorption and n3 for the
emission.
For the electric quadrupole, the selection rules of the transitions between
configuration belonging to the 4f shell are 2≤∆J , 2≤∆L and 0=∆S , with no
rule regarding the parity. In all crystals the oscillator strength fq is several order of
magnitude less than the oscillator strength in the case of electric and magnitude dipole,
so this case don't take into account the contribution in the calculation.
With the Judd-Ofelt theory, the intensities of the emission and absorptions
transitions are possible to be calculated, and the radiative lifetimes of the excited state
and the relative branching ratios are possible to evaluate. These parameters are useful
to the evaluation the phonons rates. The calculation could be performed because of
the relationship between the spontaneous emission rate coefficient A and the line
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And that allows to determine the radiative lifetime τ
R
for the level a:
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With the spontaneous emission rate coefficient A, the branching ratios β
ab
for the
transition a→b could be get by the following equation.
∑
=
c
ab
cJaJA
bJaJA
)';(
)';(
β Eq. 3.54
Where the sum is extended to all the c states to which a can decay.
With these theories and methods we could characterize our rare earth doped laser
crystals.
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Chapter 4 Growth and optical properties of
Yb:LuAG crystal fibers
The development of the lasers in near infrared region, in particular near 1 μm (mainly
the Yb3+ and Nd3+ based laser), started long time ago and at present the market offers
devices to fulfill any research or industrial needs. Nevertheless the research of new
materials or new ways to realize the old ones is still interesting. The most used host
for these lasers is largely Yttrium Aluminum Garnet (YAG). It is a very good host
crystal with cubic crystal structure and good thermal conductivity(10.7 Wm-1K-1) but
it decreases as the increasing of the doping level, so for the high power laser
application(as high as to 1 kW), YAG is not a nice host material[35]. However
Lutetium Aluminum Garnet (LuAG) crystal has a good thermal conductivity which
independent from the doping level. So LuAG is an appealing material for high power
laser applications.
In the present work we measure the laser emission and spectroscopic investigation
of a Yb:LuAG crystal grown by μ-PD technique. It is not the first laser emission[36]
obtained with a Yb:LuAG crystal sample coming from μ-PD technique. But our
sample demonstrates more efficient laser performances.
4.1 LuAG crystal
LuAG crystal belongs to the family of the Garnets, which are quite famous for the
distorted multi-center crystals. That means when an ion is inserted into this kind of
matrix, it could occupy different positions. So the splitting of the energy levels
depends on the site in where the ion is placed. The LuAG have a cubic crystal
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structure (space group O
h
10
-Ia3d) with the lattice a= 11.906Å [37]. And the rare earth
trivalent ions normally fill the dodecahedral lattice sites, with a negligible fraction of
octahedral occupation at low doping levels[38]. The LuAG crystal structure is shown
in Fig. 4.1. Compared to YAG, LuAG has a little higher thermal conductivity (14
Wm-1K-1) and almost independents from the doping levels of rare earth ions, and the
hardness in Mohr's value is 8.5. So this crystal is a good host material for high power
laser. The properties of the LuAG and YAG are shown in Table 4.1.
Table 4.1 The properties of the LuAG and YAG crystals[39].
Properties LuAG YAG
mass density 6.73 g/cm3 4.56 g/cm3
Moh hardness 8.5 8.4
Melting point 2340 K 2243 K
Thermal conductivity 14 Wm-1K-1 10.7 Wm-1K-1
Thermal expansion coefficient 6.13 610−× /K 6.7 610−× /K
thermal shock resistance parameter / 7.9 W/m1/2
thermo-optical coefficients 8.3 610−× /K 9.1 610−× /K
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4.2 μ-PD technique setup
In chapter 2, we have introduced the μ-PD technique. Because fo the advantages of
this technique, μ-PD technique has been demonstrated to be useful in developing fiber
or rod shaped crystals which are suitable to be easily used in a laser cavity [40-44].
Fig. 4.1 The unit cell diagram of the LuAG crystal structure.
Lu3+
Al3+
O2-
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This methods is been used more wildly to the laser crystals and new materials
research.
In the (NEST) laboratories of the Physics department of the Pisa University there
are two μ-PD furnaces used for fiber crystals growth. The setup schematic and
furnace photo are shown in Fig. 4.2, 4.3 and 1.6.
Fig. 4.2 The scheme of the μ-PD furnace in our Labs.
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Fig. 4.3 Photograph of the μ-PD furnace.
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4.3 Crystal growth
At first we need grow undoped LuAG crystals as the seed to grow the Yb:LuAG, so to
grow the pure LuAG fiber is very important for the next work.
4.3.1 Undoped LuAG fiber crystals growth
The raw materials for the crystal growth are prepared as powders from AC materials
(Tarpon Springs, Fl., USA) had 5N (99.999%) purity. The raw materials are
Stoichiometric ratio Lu2O3 and Al2O3 powders with well mixed. And then press to
several pieces, after sintered in oven at a proper program(at 1400℃ ). The sintering
program is determined according to the raw materials sintering program for the CZ
growth. According to the density of the LuAG crystal, the diameter(similar to the
diameter of the orifice) and the length(about 100 mm) of the fiber, we calculate the
quantity of the raw materials is about 5 g. Because we use the undoped LuAG crystal
as the seed, so the quality of the fiber is not necessary to so good, we choose a Iridium
(Ir) crucible with a orifice of 3 mm at the bottom as show in Fig. 4.4 (a) and 4.5 (a).
According to the CZ growth situations, the LuAG melt wet the Ir crucible, so the
growth situations with this crucible should be that, the liquid-solid interface should be
outside the crucible orifice and the fiber diameter is a little bigger than the orifice.
The LuAG melting point is about 2350 K, so the furnace heater in our labs used
radio-frequence(RF) generator to make the crucible heat by itself(the maximum
temperature of our furnace is about 2800 K which is enough for the LuAG crystal
growth). The setup of the crucible and insulation shield is shown in Fig. 4.6. The Ir
crucible is placed on an Ir after heater with the same diameter, and inside the
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insulating shields. Because of the high temperature of the crucible, so we use ceramic
tubes as the insulation shield near the crucible, and the quartz tubes are used as the
support structure at the bottom in order to check the fiber when it is long enough to
pull outside the Ir after heater. We try several times to determine the dimensions of the
insulation, at last the dimensions are determined as shown in the Figure.
Because of the oxidizing of the Ir crucible, so before heating and melting the
material, special care has been devoted to the quality of the vacuum system, which
has an ultimate pressure better than 10-7 mbar(with lower vacuum conditions the loss
of the Ir materials is too much and the fiber optical quality is a little lower with some
bubbles or impurities) and the growth process was carried out in a high-purity
(99.999%) Argon(Ar) atmosphere. At the first time, we used Ir wire of 0.3 mm as the
seed to grow the LuAG crystal fiber. When the material melts, because of the good
wetting properties of the melt to the Ir crucible, the melt could flow down outside the
crucible nozzle. With the CCD camera the situations could be viewed easily, when the
temperature is proper, do the contact to the melt with the Ir wire, and start to pull
down with the fiber growth at the rate of 1-2 mm/h. The proper pulling rate was
determined with several growth experiments, when the pulling rate is bigger than 2
mm/h the fiber is no transparent with some bubbles inside the fiber. At last we get the
proper pulling rate for this crucible. The growth situations are shown in Fig. 4.7 and
4.8. And the fiber diameter is about 3.04 mm. Its quality is enough for the seed.
Because of the cubic crystal structure of the LuAG, so the fiber axial direction is
about <111>.
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Fig. 4.5 The dimension of the Ir crucible with different orifices.
Fig. 4.4 Photograph of the Ir crucible with different orifices.
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(a)
(b)
RF Coil
Quartz glass shield
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Ir crucible
Fig. 4.6 The photograph (a) and the scheme (b) of the
growth setup for the LuAG fibers.
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(a) (b)
(c) (d)
Fig. 4.7 The growth situations of the LuAG. (a) Contact the melt with the
Ir wire. (b) Start to pull down with proper rate. (c) The fiber starts grow
with constant diameter. (d) The fiber growth with constant diameter.
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Fig. 4.8 The photograph of the LuAG fiber grown by μ-PD technique.
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4.3.2 Yb:LuAG crystals growth
With the undoped LuAG fiber(<111>) as the seed, we can start the Yb:LuAG single
crystal fiber growth. At first, the raw materials were prepared, the stoichiometric
mixtures of the 99.999% (5N) purity Lu2O3, Al2O3 powders and a proper amount of
Yb2O3 (1% at) from AC materials (Tarpon Springs, Fl., USA) were used as the raw
materials. And the materials(about 5 g) were well mixed and sintered with the same
program as the undoped LuAG raw materials. In order to get high optical quality
crystal, the growth was performed in an Iridium crucible which was designed as a
cylinder with a bottom tip of 3 mm diameter and an orifice of 0.5 mm as shown in Fig.
4.4 (b) and 4.5 (b). And the crucible was placed on a same diameter Ir tube pedestal as
a after heater to control the proper temperature gradient for the crystal growth. And
the insulation shields are the same as before (the setup is similar as shown Fig. 4.6).
The growth atmosphere is also high purity (5N) Ar. Use the <111>-oriented undoped
LuAG fiber as the seed with a sharp top. After the material melt, because of the good
wet of the crucible some melt flow down outside the nozzles. So the seed with a sharp
top mechanically tooled is then touch the melt, and then starts to grow the fiber with
the proper rate (0.1 - 1.0 mm/h). Because the crucible orifice is different from the one
before, the pulling rate is different, and should be smaller than before, with several
experiments, we get the proper pulling rate. With the CCD camera the solid-liquid
interface is easily viewed, the growth situations were shown in Fig. 4.9. The grown
fiber was about 3.01±0.04 mm in diameter and 130 mm in length as shown in Fig.
4.10, and the crystal was of high optical quality, free of cracks and micro-bubbles.
The crystal has been annealed at 1700 K in air in order to oxidize the Yb2+ ions, that
are usually present in the as grown sample and give it a bluish color, to Yb3+. The
Yb3+ concentrations inside the fiber are almost unform with the measurements of the
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compositions of the fiber by the X Ray Fluorescence analysis (Yb3+ concentration
difference at the beginning compared with the ones at the end is less than 5%). So
there is no segregation in the Yb:LuAG, and the concentration is about 1% at. From
the rod, two samples were been prepared, one for the laser experiment and another for
spectroscopic measurements, with the same orientations.
(a) (b)
(c) (d)
Fig. 4.9 The growth situations of the Yb:LuAG. (a) Contact the melt
with the seed. (b) Start to pull down with 1 proper rate. (c) Start to
grow with constant diameter. (d) The fiber growth starts to finish.
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4.3.3 Transmission measurement and the optical quality of the
fiber
The optical quality of the crystal has been checked measuring the distortions caused
by the sample on the propagation of a TEM00 helium neon laser beam. The TEM00
mode was selected by using a pinhole and the out-coming beam dimensions were
regulated with an iris diaphragm in order to obtain a spot slightly smaller than the
sample diameter. The beam intensity profile was acquired with a CCD camera
equipped with proper imaging lenses as shown in Fig. 4.11. In Fig. 4.12a it is possible
to observe the intensity profile of the beam, and the diffraction pattern produced by
the iris is well evident. In Fig. 4.12b the intensity profile obtained inserting a
Yb:LuAG sample on the laser beam without changing the other experimental
conditions is shown. The intensity profile confirms the absence of significative
defects inside the sample.
Fig. 4.10 The photograph of as-grown Yb:LuAG fiber annealed at 1700 K.
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(a) (b)
Fig. 4.12 (a) Helium-Neon laser beam image without the sample and
(b) Laser beam image propagated through the Yb:LuAG sample.
Fig. 4.11 The setup scheme of the optical quality measurement.
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4.4 Absorption measurements and the analysis of Yb:LuAG
crystal fiber
4.4.1 Experimental apparatus
The crystal absorption measurements were carried out in the Labs of the Physics
Department. The room temperature absorption spectra measurements were performed
by a VARIAN CARY 500 Scan spectrophotometer operating in the range 180 - 3200
nm, having a R928 photomultiplier as a detector in the UV-Vis region, and a cooled
PbS photodiode for the NIR part of the spectrum.
4.4.2 Absorption spectrum
The absorption measurements have been performed at room temperature with non
polarized light, due to crystal isotropy, and the a 2.25 mm length and 3mm diameter
sample with the Yb doping level 1% at, and the diameter of the beam is about 1.5 mm
with propagation along the growth direction of the fiber. At first spectrum has been
recorded in the range 300-2000 nm, with a lower resolution, in order to check the
absence of residual Yb2+ bands and of possible pollutants. There is not any visible
absorption peak in the spectrum, so the active ions inside the crystal are Yb3+. After
this check a second detailed spectrum was acquired in the range 800 - 1100 nm, with
higher resolution 0.6 nm, to determine the Yb3+ absorption lines relative to the
2F7/2 2F5/2 transition, and to check the doping level.
The Yb3+ ion has very simple energy level structure consisting of two manifolds as
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shown in Fig. 4.13. The ground manifold 2F7/2 splits into four Stark levels and the well
separated excited manifold 2F5/2 has three Stark levels. There is no excited state
absorption at either pump or laser wavelengths. And the large energy gap between the
ground and excited manifold precludes the non radiative decay via multi-phonon
emission from the excited manifold. So the Yb3+ is a nice active ion for the laser
materials. The Yb:LuAG room temperature absorption spectrum in the range 800 -
1100 nm is shown in Fig. 4.14.
2F7/2
2F5/2
Fig. 4.13 The schematic energy levels of Yb3+ for absorption and emission.
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Fig. 4.14 Room temperature absorption spectrum for
Yb:LuAG relative to the transition 2F7/2 → 2F5/2.
As shown in the Fig. 4.14, the most intense absorption peak corresponds to the zero
phonon line and lies at 968.4 nm with a absorption coefficient αM = 1.4 cm-1. It is the
transition from level 1 to level 5. And the absorption at pump wavelength (935nm)
was about αP = 1.1 cm-1. Because that the Yb ions replace Lu in co-dodecahedral sites
of D2 symmetry, as a consequence the degeneracy of the two multiplets is partially
raised and four Stark doublets are separated from the ground manifold and three from
the excited state are separated. Because of the quasi-three-level stark scheme of the
Yb3+, the spectroscopic characteristics and laser properties are particularly host
dependent[45]. This arises from the sensitivity of the energy level distribution to the
crystal-field interaction. So the absorption and emission spectra are different in
different host crystals.
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4.5 Fluorescence and lifetime measurements
4.5.1 Setup for the Steady-state fluorescence and the decay-time
measurement
The fluorescence measurements have been performed by exciting the samples with a
near infrared laser diode tuned at 980nm, according to the absorption spectrum of
Yb:LuAG. The samples were placed in side a CTI CRYOGENICS helium cryo-cooler
which allows measurements in the range 10-300K. The laser beam was focused onto
the sample by means of a 10 cm focal length lens, and the fluorescence was collected
by a 7.5 cm focal length infrasil lens, perpendicularly with respect to the excitation
beam in order to minimize pump spurious scattering collection. The luminescence
was focused on the input slits of a Jobin-Yvon monochromator, equipped with a 600
gr/mm diffraction grating at around 1000 nm wavelength. The signal was detected by
a liquid nitrogen InSb detector, acquired by a SR830 Lock-in Amplifier. The setup is
show in Fig. 4.15. The experimental apparatus was calibrated with a blackbody source
at 3000K.
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Fig. 4.15 The experiment setup diagram for the
fluorescence measurement.
Fig. 4.16 The decay-time measurement setup diagram.
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The decay time curves measurement apparatus were similar to that described in the
previous section, using a pulsed tunable Ti:Al2O3 laser with a 10 Hz repetition rate
and 30 ns pulse width. And the measurements were performed at 10 - 300 K. And
during the lifetime measurements, the pulse energy was reduced as much as possible
to minimize power dependent effects. The exciting beam was properly attenuated to
avoid radiation trapping that affect the lifetime of the 2F5/2 manifold, moreover the
laser beam was focused near the edge of the crystal utilized for light collection. To
prevent the detection of scattered laser light, the collected radiation was suitably
filtered. Signal was detected by an InSb detector, cooled with the liquid nitrogen and
amplified, with an overall response time of about 3 μs. Data acquisition was
performed with a digital oscilloscope connected to a computer. The setup is shown in
Fig. 4.16.
4.5.2 Steady-state fluorescence spectrum and lifetime
Fluorescence spectra,were recorded as a function of temperature between10 and 300
K as shown in Fig. 4.17, in the range 900 - 1070 nm. As temperature increases toward
300 K, the emission peaks show a small red shift. And from the spectra it is possible
to evaluate an emission peaks shift of 1.4 pm/K, in general agreement with the
literature value of 4 pm/K obtained for a different system (Nd:YAG) [46]. The
lifetime measurements were performed in the range 10-300 K with a plused tunable
Ti:Al2O3 laser. The decay curve shows a single exponential behaviour and the lifetime
value of the 2F5/2 manifold was independent on the temperature with an average value
of 1.03 ± 0.02 ms (The decay curve is shown in Fig. 4.18) in agreement with the
literature value [38, 47]. In order to evaluate the laser performances the emission
cross section, utilizing the β−τ method, and absorption cross section have been
calculated. The behavior agrees with that reported in literature [38] and it is shown in
Fig. 4.19.
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Fig. 4.17 Fluorescence as a function of temperature
for 2F5/2 manifold of Yb3+ in LuAG.
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Fig. 4.18 The Yb3+ decay curves. (a)
at 10 K the lifetime is 1.02 ± 0.03
ms; (b) at 220 K the lifetime is
1.03 ± 0.04 ms; (c) at 300 K the
lifetime is 1.02± 0.06 ms.
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Fig. 4.19 Room temperature(300K) absorption and emission
cross section for Yb:LuAG.
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4.6 The laser measurement
4.6.1 Laser experiment setup
The laser experiment was down with collaboration of the Professor Agnesi group of
University Pavia using the sample previous prepared. The experimental setup is
shown in Fig. 4.20. The pump diode laser was a single-mode 300 mW laser diode
(FLC GmbH), emitting at 935 nm with a narrow single-longitudinal and single-spatial
mode with 50 pm line width. The pump radiation was collimated with a 0.4 NA, 6.24
mm focal length aspheric lens. And the pump beam was reshaped by a pair of
anamorphic prisms after the lens, and then a 100 mm spherical singlet lens was used
to eventually focus the pump beam into the active medium. The maximum power
delivered to the laser crystal was 270 mW. A CCD camera was employed to
characterize the pump beam profile in the focal region of the optical system yielding
waist radii w px × w py = 25 × 25 μm2 in air and beam quality parameters Mx2 = 1.2
and My2 = 1.2. The resonator beam waist radius was calculated to be 15 - 20 μm
within the stability range. The pump spot dimensions were optimized in order to both
ensure a reasonable mode-matching with the resonant beam and a pump beam
confocal parameter comparable with the length of the active medium, to minimize the
effect of the reabsorption losses in the quasi-three-level active medium. The
Yb:LuAG (1 at%) laser crystal sample was 4.5 mm long and 3 mm in diameter was
contacted to a metallic plate, without any active cooling, and oriented at the Brewster
angle in order to minimize insertion losses. And the active medium was contacted to a
metallic plate, without any other active cooling, and oriented at the Brewster angle in
order to minimize insertion losses. The laser cavity was composed by for different
mirrors: M1, M2, M3 and output coupler (OC). M1 is a concave mirror with 50 mm
Growth and optical properties of Yb:LuAG crystal fibers
88
curvature and high-reflectivity at 1000 - 1100 nm high-transmissivity at 900 -950 nm;
M2 is also a concave mirror with 100 mm curvature and high-reflectivity; M3 is a flat
mirror with high-reflectivity; and OC is the output coupler with 30̊ wedge. In order to
compensate for the cavity mode astigmatism, M1 and M2 folding angles were set to
about 7̊, whereas the separation between M1 and M2 was chosen to be about 86 mm in
order to operate the resonator near the center of its stability range. The M2-M3 and
M1-OC cavity length was about 260 and 350 mm, respectively. In order to make a
significant comparison, We also characterized a commercial 10%-doped, 1mm thin
Yb:YAG sample grown by Czochraski technique with the same laser setup, with a 75
mm focal length pump focus lens, yielding a pump spot inside the active medium of
about w px × w py ≈20 × 20 μm2. This optimized the performance of the thinner
Yb:YAG sample, better matching its shorter absorption length with the confocal
parameter. Unfortunately, Yb:LuAG crystals grown by traditional techniques were not
readily available for a more straightforward comparison.
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Fig. 4.20 The setup of the laser resonator. LD: pump laser diode; L1: aspheric lens (6.5-mm
focal, NA 0.4); APP: anamorphic N-SF11 prisms pair; L2: spherical singlet lens (100-mm focal);
M1: concave mirror, 50 mm curvature, high-reflectivity (HR) at 1000-1100 nm,
high-transmissivity at 900-950 nm; M2: concave mirror, 100-mm curvature, HR; M3: flat
mirror: HR; OC: output coupler, 30’ wedge. In the Inset: P: SF10 prism; OC: output coupler,
30’ wedge.
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4.6.2 The theory of the laser emission
The Yb3+ is a very simple laser active ion, that the mode of laser levels is quasi-three
levels. Quite general, space-dependent models of quasi-three levels lasers by Fan et al.
[48] and Risk [49] yield accurate predictions in most situations. However, they
require a minimum of numerical approach and are usually applied to lasers operating
at a precise wavelength, for which generally the degeneracy factors and the
occupation probabilities of the sublevels are known quantities. In this part we use a
simpler approach, still valid in many instances, which leads to explicit relationships
(output vs. input power, threshold pump power), providing a different insight into the
λP
λL
n2
n1
Fig. 4.21 The laser level scheme.
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physics of Yb and quasi-three levels Nd solid-state lasers. As shown in Fig. 4.21, we
consider the dynamics of the lower and upper multiplets, assuming fast internal
thermalization:
( ) ( ) ( ) ( )
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Eq. 4.1
Where n
1
and n
2
mean the number of the ions population that occupied the lower and
upper multiplets, σ
e
and σ
a
are the cross-sections for emission and absorption
respectively, λ
L
and λ
P
are the emission and pump laser wavelength, I
L
and I
P
are the
emission and pump laser intensity, ν
L
and ν
P
are the frequency of the emission and
pump laser, h is the Planck coefficient, and τ
f
is the decay time of the upper multiplets.
The spectroscopically measurable cross section spectra are especially useful when
studying tunable lasers, since wavelength-dependent parameters such as laser
threshold and laser output can be readily calculated, as it will be shown. As a more
compact notation we define ( )
eLLe
σλσ = etc. So the gain coefficient g clearly
depends on emission and absorption cross-sections in the wavelength range of interest
for laser operation:
12 nng aPeL σσ −= Eq. 4.2
Most often the parameter
nn /2=β defines the fraction of ions population excited
into the upper multiplet. The transparency condition requires a pump intensity:
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From Eq. 4.1 at the steady state we can determine n
2
:
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Eq. 4.4
Where we defined the laser and pump saturation intensity, respectively:
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In order to simplify the analysis, let us assume that the lower multiplet is not depleted
significantly:
SPP
II << . This assumption must be checked for each parameter set,
however since
SPPT
II << , it is likely that the "small population depletion"
approximation holds unless very strong pumping is used. Laser oscillation occurs at
unit loop gain, that is:
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Where l
g
is the length of crystal sample.
According to the assumption of small depletion of the lower multiplet, the term:
( )
gL
l
aL
ldzn
g
ασδ 22
0
== ∫ Eq. 4.8
Where
δ
represents the unsaturated losses at the laser wavelength. Where
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absorption coefficient at λ
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Assuming small coupling T and parasitic losses L (even though up to few 10% still
yield acceptable errors), the laser intensity in the crystal does not change appreciably:
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Indeed, if
SPP
II << we obtain ( ) ( ) nnnnn
aPePaPaPePaPP
σσσσσσα ≈+−=−= 221
since well above laser threshold one can verify from Eq. 4.4 that
nn <<2 . Being
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pPabs
PdzdP α=/ , defining AIP
SLSL
= (A is the pump and laser beam cross section) and
considering the standing wave effect doubling the intracavity intensity at any
longitudinal position:
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Eventually, we can solve for the output power
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Considering the initial assumptions, this result is identical to that for the four-level
laser, for example according to the derivation outlined in Koechner's book[50]. Most
remarkable is the fact that the pump threshold is settled by the reabsorption term δ,
whereas this does not appear to affect the coupling efficiency and the slope efficiency,
even though this might be even larger than practical values of T, as it happens for
Yb:YAG lasers at their peak transition near 1030 nm. The physical explanation is that
above laser threshold the oscillating field saturates such reabsorption losses, allowing
in principle quantum-limited slope efficiency approaching unity for very small
quantum defects. Notice that both Eq. 4.12 and 4.13 yield results which implicitly
take into account the wavelength dependence of cross sections. Finally, we note that
this model includes the ideal four-level laser as a particular case. Another remarkable
difference, compared with the four-levels system, is the change in the absorbed pump
power fraction above laser threshold. The pump power distribution along the
longitudinal z coordinate follows the law:
( )
PePaP
Pnn
dz
dP
21 σσ −−= Eq. 4.14
Which can also be recast as
Growth and optical properties of Yb:LuAG crystal fibers
94
( )
P
SP
P
SL
L
SP
P
ePaP
eP
SL
L
eLaL
aL
ePaPPaP
nP
P
P
P
P
P
P
P
P
nP
dz
dP
++
+
+
+
++−=
1
σσ
σ
σσ
σ
σσσ
Eq. 4.15
Assuming
SPP
PP << as before, we can readily analyze the asymptotic cases.
a) Weak pumping power( P
L
= 0, P
P
0):
n
apP
σα = Eq. 4.16
b) Laser oscillation well above threshold, but still with small lower multiplet
depletion (
SLL
PP >> ,
SPp
PP << ):
n
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σα 1 Eq. 4.17
Therefore we find that the pump absorption decreases as soon as the laser
oscillation starts, since the resonant field tends to deplete the reabsorbing levels. Of
course, such an effect becomes even more noticeable for zero-phonon Yb laser
transitions near 980 nm, i.e. true three-level lasers for which the approximation
1/ <<
eLaL
σσ
no longer holds and this model becomes inadequate. However, under
the assumptions done, Yb lasers operating in the range 1000–1100 nm present an
approximately constant pump absorption coefficient,
n
aPaP
σα ≈ .
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4.6.3 The laser results
The laser experiments were performed with several different output couplers (OC) in
CW regime, and the results are shown in Fig. 4.22. A significant amount of the
available pump power was not absorbed by the relatively low-doped 1% Yb:LuAG
and was transmitted through the M2 mirror. Hence we estimated the amount of
absorbed pump power by measuring the residual behind the M2 mirror under lasing
conditions. With the optimum T = 10% output coupler (OC), at an absorbed pump
power of about100 mW, we obtained up to 23 mW output power and about 32% slope
efficiency. We also scanned the Yb:LuAG sample transversally with the pump beam.
Accounting for good sample homogeneity, output power and general laser behavior
were unaffected by the pump spot position on the crystal. Also no significant
depolarization effects were observed, indicating stress-free crystal growth. We also
measured the beam quality factor M2 in the horizontal and vertical planes by scanning
the beam along propagation direction in the focal plane of a spherical lens with a
CCD camera, obtaining a value M2 ≈1.0 shown in Fig. 4.24. The cavity folding
mirrors tilting angle was not optimized during this measurement, yielding a residual
astigmatism clearly shown by the beam propagation best fit and a slight ellipticity of
the spot in the focal plane as shown inset of Fig. 4.24. However, this un-optimized
working condition does not affect the beam spatial quality that further confirms the
good optical quality of the sample and the absence of significant thermal-induced
beam distortion at these low pump levels. The lasing wavelength for any
transmittance of the OC in the range 0 - 30% was near the main cross-section peak at
1030 nm. With the Yb:YAG crystal the optimum OC transmissivity was T=1.6%,
yielding about 50% slope efficiency with a maximum output power of 62 mW at 158
mW of absorbed pump power as shown in Fig. 4.23. The laser was operating at 1030
nm, as with Yb:LuAG. To assess the crystal loss we consider a more general
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expression of the total slope efficiency than in Eq. 4.12, including other contributions
such as mode-matching efficiency and quantum efficiency in a constant η
0
, also using
-ln(R) instead of T in a more general fashion:
( )
( )RL
R
L
P
ln
ln
0 −
−
=
λ
λ
ηη
Eq. 4.18
The results are summarized in Fig. 4.25. It turns out that the loss L for the Yb:YAG
experiment is smaller than the detectable limit of the technique so we indicatively
assume L≈0, whereas the Yb:LuAG shows a clear trend following Eq. 4.18, yielding
L≈2.4%. The slight drop of slope efficiency at higher OC values for both Yb:YAG
and Yb:LuAG suggests parasitic effects dependent on larger population inversion,
such as upconversion. The corresponding loss per unit length in Yb:LuAG shaped rod
crystal is therefore about 0.2%/mm, in agreement with Ref. [36], and is likely due to
internal scattering.
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Fig. 4.22 CW operation of the Yb:LuAG lasers with
several output couplers.
Fig. 4.23 CW operation of the Yb:YAG lasers with
several output couplers.
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Fig. 4.24 Beam quality characterization results.In the
inset a picture of the beam near the waist.
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Fig. 4.25 Yb:YAG and Yb:LuAG slope efficiency as a function
of output coupler mirror reflectivity. Also shown the results
obtained by fitting the experimental data with Eq. 4.18.
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After the measurements, We inserted a SF10 dispersive prism near the OC(as
shown inset of Fig. 4.20) in order to measure the output wavelength tunability in cw
regime. The gain was too low in Yb:LuAG to achieve continuous tuning across an
extended range, however either the main transitions of 2F5/2 2F7/2 manifolds at 1031
nm and that at 1046 nm could be made to lase with an OC transmissivity T = 2.4%.
Output power at each wavelength was 11 mW and 4 mW, whereas absorbed pump
power threshold was 30 mW and 66 mW, respectively. The results are summarized in
Fig. 4.26. with the output power and the threshold absorbed power predicted by the
model. For comparison, the significantly larger gain of the Yb:YAG crystal allowed a
relatively broad output wavelength tunability in CW regime using with the same OC,
extending continuously from 1013 to 1070 nm, as shown in Fig. 4.27. A
mode-matching efficiency about 80% accounted for a slight discrepancy between the
experimental data and the model results, and was included in the predicted output
power curve for the Yb:YAG laser as shown in Fig. 4.27. This same model was
applied to the Yb:LuAG experimental data, with larger quantitative disagreement
even though the qualitative shape of the tuning curves is acceptable: this can be due to
the lower pump power absorbed, that translates in laser operation closer to threshold,
which makes laser alignment more critical and the optimization of the resonator
performance more difficult in practice. For example, the tunable cavity for Yb:LuAG
shows a significantly reduced output power compared to the Yb:YAG setup.
In literature [36] the laser emission of Yb:LuAG grown by μ-PD technique has
been obtained, utilizing a sample with a doping level (0.9 at%) close to that of our
sample (1 at%). The intrinsic slope efficiency η
0
= 40% measured in our experiment,
quite comparable to that of the Yb:YAG reference (η
0
= 50%) is a further proof of the
good optical quality of the shaped rod crystal. The agreement of the scattering loss
values measured in our work and in the report of Ref.[36] suggests that the much
larger slope efficiency we measured (32% vs. 5%) is very likely due to much more
effective pump mode matching, and in part to the use of a shorter crystal. Indeed,
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given the large output coupling used in high-power lasers (50% in Ref. [36]), the
residual loss of relatively long fiber crystals (about 50 mm) has a lesser impact,
reducing the slope by a factor 0.7.
Fig. 4.26 Lasing wavelength tuning of Yb:LuAG
with T = 2.4% out coupler.
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Fig. 4.27 Lasing wavelength tuning of Yb:YAG 1 mm thick,
10 at% doping sample with T = 2.4% out coupler.
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4.7 Conclusions
We have grown a Yb:LuAG with1 at% doping level shaped rod crystal, 130 mm
length and 3 mm diameter. A sample of the shaped rod crystal has been optically
characterized, recording an absorption spectrum at room temperature and performing
fluorescence measurements as a function of temperature in the range 10– 300 K.
Lifetime of the 2F5/2→2F7/2 has been determined in the same temperature range. The
absorption and emission cross sections have been calculated and utilized to evaluate
the laser performances. A short Yb:LuAG laser crystal has been placed in an X cavity
and pumped with a laser diode tuned at 935 nm. Laser experiments have shown that
the Yb:LuAG sample grown by μ-PD technique appears to have an optical quality
comparable with the largely utilized YAG. The laser performances are equivalent,
considering the different doping level, to those obtained with a commercial YAG
sample and a slope efficiency of 32% was obtained. The laser results of Yb:LuAG are
shown in Table 4.2 compared with the results of Yb:YAG. This feature makes LuAG
an appealing material for high power laser applications opening the way as well to
obtain, by μ-PD technique, low cost and laser grade old and new materials.
This work has been published on the Opt. Communication[51].
Table 4.2 Laser results of the Yb:LuAG and Yb:YAG.
Yb:LuAG Yb:YAG
Sample 1%, 4.5 mm thickness 10%, 1 mm thickness
Output coupler(optimum) T = 10% T = 1.6%
Absorbed pump power 100 mW 158 mW
Output power 23 mW 62 mW
Slope efficiency 32% 50%
Laser wavelength 1030 nm 1030 nm
103
Chapter 5 Growth and structural properties
of Tm and Er doped LuAG crystal fibers
The lasers with the emission wavelength around 2 μm have attracted a great deal of
attention due to their important applications. The wavelength of Tm3+ doped laser
materials is around 2 μm that could be used for gas sensing, wind measurement,
iatrical applications and pump source of Ho slab amplifier[52-55]. And Er3+ doped
crystals are the most attractive materials for the development of multi-watt compact
eye safe laser sources around 1.6 μm. Such sources are required for many applications
like remote sensing, free-space communications, range detection, and designation.
The optical transition between the 4I15/2 - 4I13/2 manifolds includes the possibility of
in-band pumping (between 1.45 and 1.53 µm). This minimizes the heat generated by
the pumping process and hence limits the thermally induced birefringence and the
thermal lens. Er:YAG lasers can be resonantly pumped using erbium-doped fiber
lasers (EDFL) [56-60]. As written in previous chapter, LuAG is a good host material
for lasers, so we grew Tm and Er doped LuAG single crystal fibers by μ-PD
technique. And did some spectroscopic measurement.
5.1 Crystal growth
Prepare the raw materials with stoichiometric mixtures of the 99.999% (5N) purity
Lu2O3, Al2O3 powders and a proper amount of Tm2O3(12 % at)for Tm:LuAG and
Er2O3(0.25 % at) for Er:LuAG from AC materials (Tarpon Springs, Fl., USA). Mix
and sinter the raw materials with the same program as Yb:LuAG. And the growth was
performed in an Iridium crucible which was designed as a cylinder with a bottom tip
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of 3 mm diameter and an orifice of 0.5 mm as before. Use the same undoped LuAG
fiber as the seed. The growth situations were similar as the Yb:LuAG growth as
shown in Fig. 5.1 and 5.2. Tm:LuAG fiber was about 3.05±0.03 mm in diameter and
80 mm in length as shown in Fig. 5.3a, and about 3.02±0.04 mm diameter, 145 mm
length for the Er:LuAG shown in Fig. 5.3b. The Tm and Er doping in the fibers are
almost uniform along the fibers growth direction, so the concentrations are Tm3+ 12
at% and Er3+ 0.25 at%.
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(a) (b)
(c) (d)
Fig. 5.1 The growth situations of the Tm:LuAG. (a) Contact the melt
with the seed. (b) Start to pull down with a proper rate. (c) Start to
grow with constant diameter. (d) Finish the fiber growth.
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(a) (b)
(c) (d)
Fig. 5.2 The growth situations of the Er:LuAG. (a) Contact the melt
with the seed. (b) Start to pull down with a proper rate. (c) Start to
grow with constant diameter. (d) Finish the fiber growth.
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a
b
Fig. 5.3 photograph of as-grown crystal fibers: (a) Tm:LuAG and
(b) Er:LuAG.
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5.2 Spectroscopic measurements and analysis of Tm:LuAG
As in case of Yb:LuAG samples, the room temperature absorption spectra of
Tm:LuAG (a 1.94 mm length and 3.1 mm diameter sample with the Tm3+ doping
level about 12 at%) was measured by the spectrophotometer described before section.
At first the measurement was performed at the range of 180 - 2100 nm, with a
resolution 0.6 nm for the UV-Vis wavelength and 1.0 nm for the NIR wavelength, in
order to check the main absorbed peaks for Tm3+, And then performed in two regions,
between 730 - 840 nm with a 0.4 nm resolution and 1550 - 1930 nm with a 0.6 nm
resolution.
On the other hand, room temperature fluorescence spectra measurements were
performed as the same setup described in section 4.51. The only difference is that the
luminescence was chopped and focused by a 7.5 cm focal length infrasil lens on the
input slit of a monochromator with a 25 cm focal length, and a suitable filter was used
in front of the input slit of the monochromator to completely suppress any laser
scattering from the samples.
For fluorescence decay-time measurements, the sample was excited (as in case of
Yb:LuAG crystal) by a pulsed tunable Ti:Al2O3 laser and the detection apparatus was
similar to that described in section 4.52.
5.2.1 Absorption spectrum analysis
As reported before, the Tm:LuAG room temperature absorption spectra was
performed with non polarized light, due to crystal isotropy, which is similar to the
Yb:LuAG crystal measurement. The sample was optical polished . At first, we
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measured the spectrum in the range 180 - 2100 nm, to check the Tm3+ main manifolds
transition absorbed peaks as shown in Fig. 5.4.
The schematic of Tm3+ energy levels are shown in Fig. 5.4. With the energy levels
values, we could determine the absorption peaks for the transitions as shown in Fig.
5.5. The absorption peaks corresponding to the transitions from the ground state 3H6
to 3F4, 3H5, 3H4, 3F2, 3F3, 1G4 and 1D2 levels are indicate in the spectra. For the ground
state manifold transition to the first excited Stark levels 3F4, the wavelength is 1632.3
nm, and for the transition 3H6→3H4, the wavelength is 787.7 nm. So we performed the
absorption measurements at these two region, 730-840 nm with 0.4 nm resolution and
1550- 930 nm with a resolution 0.6 nm as shown in Fig. 5.6. For the maximum
absorbed peak of 3H6→3H4 transition lies at 787.7 nm with the absorption coefficient
1α = 10.58 cm
-1. Compared to the 3H6→3F4 transition with a 1632.4 nm maximum
absorbed peak and 2α = 16.87 cm
-1. From Fig. 5.5 and 5.6, the maximum peaks and
absorption coefficients for any energy levels transition were calculated, shown in
Table 5.1.
Growth and structural properties of
Tm and Ho doped LuAG crystal fibers
110
Fig. 5.5 Room temperature absorption spectra of the
Tm:LuAG between 180 - 2100 nm.
3H6
3F4
3H5
3H4
3F3
3F2
1G4
1D2
3H6→3F4
3H6→3H53H6→3H4
3H6→3F2+3F3
3H6→1G4
3H6→1D2
Fig. 5.4 The Tm3+ energy levels in LuAG crystal[61].
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Fig. 5.6 Room temperature absorption spectra of
Tm:LuAG. (a) The spectrum for the transition 3H6→3H4;
(b) The spectrum for the transition 3H6→3F4.
(a)
(b)
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Table 5.1 Absorption coefficient of different transition levels for the Tm:LuAG.
Transition
levels
3H6→1D2 3H6→1G4 3H6→3F2+3F3 3H6→3H4 3H6→3H5 3H6→3F4
λmax(nm) 357.7 460.1 682.1 787.7 1176.3 1632.4
ɑ(cm-1) 7.48 4.54 43.77 10.58 7.53 16.87
The room temperature absorption spectra have been used to perform Judd-Ofelt
calculations. The first seven bands of Tm were considered to calculate the intensity
parameters
l
Ω , however, the 3F2 and 3F3 were considered as a unique band summing
their contribution for the calculation.. The oscillator strengths were calculated from
the absorption spectra with the Judd-Ofelt parameters. Because the magnetic dipole
transitions which obey the selection rules ∆ J ≤ 1, ∆ L = 0, ∆ S = 0 and µ∆ = 0,
play a significant role in only a few transitions of Ln3+ ions. For the spectral range
used in our analysis, magnetic dipole transitions can be neglected. The calculated
oscillator strengths, the intensity parameters and the root mean square deviation (RMS)
are shown in table 5.2. The 3F4 metastable level decay lifetime is calculated 5.12 ms,
which is similar with our experiment values.
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Table 5.2 Experiment and calculated oscillator strengths (S) of Tm3+ in LuAG.
Excited level
expS (10
-20 cm2)
cal
S
(10-20 cm2)
3F4 1.01 1.24
3H5 0.80 1.01
3H4 0.77 0.75
3F2+3F3 0.85 0.69
1G4 0.34 0.27
1D2 0.42 0.31
5.2.2 Fluorescence spectrum and decay-time analysis
The Fluorescence spectrum of transitions between the various Stark sublevels in Tm3+
is measured by pumping the sample with fiber lasers. For the 3F4→3H6 transition, the
pumping laser tuned at 790 nm, corresponding to the absorption peak 787 nm, which
belong to the 3H6→ 3H4 transition. The fluorescence spectra are shown in Fig. 5.7.
From the spectrum, there are not any peaks around 1500 nm, which correspond to the
3H4→ 3F4 emission as shown inset in Fig. 5.7. For the 3H4→ 3H6 transition, the
The Judd-Ofelt parameters are 202 1039.0
−×=Ω cm2, 204 1075.0
−×=Ω cm2,
20
6 1008.1
−×=Ω cm2, RMS = 211091.7 −× cm2, and error %22=δ . In the
literature[62], the parameters are 202 1052.0
−×=Ω cm2, 204 1065.0
−×=Ω cm2,
and 206 1086.0
−×=Ω cm2.
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pumping laser tuned at 470 nm, corresponding to the pump wavelength at 473 nm.
The fluorescence spectra is shown in Fig. 5.8, with the most important emission peak
is at 806.1 nm. And with this pump source, we measure the fluorescence spectra of the
3F2 + 3F3→ 3H6 transitions as shown in Fig. 5.9. Because the sample doping level is
high, so this emission indicates strong cross relaxation[63,64]. Cross relaxation
processes occur increasingly with the growing density of the Tm3+ ions inside the host
crystal lattice and enhance the non radiative decay of the 3H4 level for the 1800
nm(3F4→3H6)emission[65]. This effect is exploited for the enhancement of the lasing
efficiency in 2 μm Tm lasers. During the process, when an ion is excited to the 3H4
level by the pump laser, stimulates, as it non radiative decays to the 3F4 level, a nearby
ion transition from 3H4 level to the 3F4 state.
Fig. 5.7 Fluorescence spectrum of Tm:LuAG crystal fiber
corresponding to the 3F4→ 3H6 transition. The inset is the
range for the 3H4→3F4 transition.
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Fig. 5.8 Fluorescence spectrum of Tm:LuAG crystal fiber
corresponding to the 3H4→3H6 transition.
Fig. 5.9 Fluorescence spectrum of Tm:LuAG crystal fiber
corresponding to the 3F2 + 3F3→3H6 transition.
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The lifetime measurements for 3F4 and 3H4 manifold were performed at room
temperature with a plused tunable Ti:Al2O3 laser. The pumping wavelength is about
785.5 nm. The fluorescence decay curves of the 3F4 and 3H4 levels are shown in Fig.
5.11 and 5.12. The lifetime is about 3.35 ± 0.16 ms. Our sample has high doping level,
the initial rise of the decay curve for 3F4 level is not so obvious, compared to low
doping level[64]. Because the decay dynamics of Tm ions from the 3H4 manifold
exhibit non-exponential decay behavior that strongly shortens with increasing Tm
concentration. This is a result of a self-quenching process, also referred to as
cross-relaxation. The process is achieved by the energy transfer of E44 to E64 as shown
in Fig. 5.10. In this process, an excited Tm3+ in the 3H4 manifold interacts with a
nearby Tm3+ at ground state, and transfer the energy to the nearby ion, resulting in
two Tm ions in the 3F4 excited state. This process mechanism is achieved with the
phonon assisted energy transfer since the energy levels exhibit no resonance overlap.
In the cross-relaxation, phonon play a very important role. When the doping
concentration is high, the interactions of the Tm ions strengthen, and with the help of
the phonon, this process is stronger as the concentration increasing. Because of our
sample with 12 at% doping level, the Tm ions in the 3H4 manifold will quickly decay
to 3F4 manifold. So the lifetime of 3H4 manifold is very short which is only about
3.71± 0.03 μs.
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Fig. 5.11 The fluorescence decay curve of 3F4 level for Tm:LuAG.
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Fig. 5.10 The energy transfer process between two Tm ions in LuAG.
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According to the 3H6→3F4 transition absorption spectra, the absorption cross
section was calculated with the Tm3+ doping concentration. And with the
Füchtbauer–Ladenburg equation: [66]
∫
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Eq. 5.1
Where I (λ) is the normalized fluorescence intensity at wavelength λ, A(J, J') is the
spontaneous emission probability (rate) A(J, J') for an electric-dipole transition from a
(S,L,J) state to a (S', L', J') state with a mean wavenumber
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The radiative lifetime τ
R
of an excited state given by
Fig. 5.12 The fluorescence decay curve of 3H4 level for Tm:LuAG.
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So use these three equations, according to the emission spectra, we could calculated
the emission and absorption cross section for the 3F4→3H6 transitions shown in Fig.
5.13.
Fig. 5.13 Room temperature absorption and emission cross section of
the 3H6-3F4 transitions for Tm:LuAG fiber.
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We have done the laser experiment, however, there is not laser emission with the
sample, so the optical quality of the fiber is not good enough, next we need to
characterize the reason for the bad optical quality and grow good fiber to make laser
emission.
At present, we are preparing the Er:LuAG samples for the spectra measurements and
laser experiments.
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Chapter 6 Growth and character of the
Ho:LiLuF4 crystal
Mid-infrared (Mid-IR) solid-state lasers emitting in the eye-safe 2 μm spectral region
have attracted more and more attention in recent years, because of their huge potential
for applications in medicine, LIDAR systems, security, and high resolution
spectroscopy for atmospheric pollution monitoring. At present the most utilized laser
active media are based on fluoride or oxide crystals doped with trivalent rare earth
ions. The main infrared rare earth emitters are Ho, Tm, Er, Dy, Nd and Yb whose laser
channels are in the range of 1 - 4 µm. In the 2 µm region Ho and Tm are largely the
most important dopants, and in literature the first laser emission at this wavelength
goes back to 1962 with a Ho3+ doped CaWO4 crystal [67]. Holmium (Ho) lasers [62,
68, 69] are however preferred over thulium (Tm) ones due to their longer operating
laser wavelength, benefiting from higher atmospheric transmission and lower
absorption in nonlinear crystals for Mid-IR light generation. The holmium 5I7
metastable level has a very long lifetime (typically around 14 ms) and a strong
emission cross section, offering very good characteristics for generating high pulse
energies when operating the laser in Q-switched mode [70-73]. Fluoride materials are
particularly suitable to develop lasers operating in the Mid-IR because of their low
phonon energy (300 - 500 cm − 1) with respect to oxides (800 - 1000 cm − 1) that
decreases the detrimental effect of non radiative transition which could quench the
upper laser level [74]. Furthermore, the refraction index of fluorides decreases with
temperature, leading to a negative thermal lens that is partly compensated by a
positive lens effect due to end face bulging [75].
In this work we present the first, at the best of our knowledge, laser emission
obtained from a Ho:LiLuF4 (Ho:LLF) sample grown by μ-PD technique which is
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instead very useful in developing fiber and rod shaped crystals[76-81]. To have a
better outlook of the Ho:LLF sample quality, its optical properties will be compared
with a sample grown by the well-established Czochralski (CZ) technique, which
allows the growth of massive boules.The aim of this paper is to assess the possibility
to grow laser grade fluoride materials with μ-PD technique.
6.1 LLF crystal
LLF is isomorphic to the well known LiYF4 (LYF) which has the scheelite structure.
The LLF crystal structure is tetragonal (space group 64kC -I41/a) with the lattice
parameters a = 5.167 Å and c = 10.735 Å, and each elementary cell contains four
formula units as shown in Fig. 6.1. The point group symmetry at the site of the
Lutetium ions is S4. And the rare earth ions substitutionally enter in the S4 symmetry
Lu3+ sites, coordination number equal to 8. LLF mechanical properties are almost the
same as LYF, whose thermal conductivity is about 6.3 Wm-1K-1 [82] and the hardness
in Mohr's value is 4 - 5[83]. And the melting point is about 1120 K. For the Ho3+
doping in the LLF crystal, Ho ions replace the Lu sites, because of their similar ionic
radii, 1.11 and 1.16 Å respectively [84], we assume a segregation coefficient equal to
1. The μ-PD technique however force the dopant to enter in the host matrix, so usually
the segregation is always close to 1 even when the CZ method gives lower
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Fig. 6.1 The scheme of LLF unit cell crystal structure.
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6.2 Crystal growth
6.2.1 Ho:LLF crystal fibers growth
The LLF single crystal fibers were grown by μ-PD technique in the Physics
Department of Pisa University - National Enterprise for Nano Science and
Technology laboratories with the concentration of 0.25 % at of Ho3+. The growth raw
materials were stoichiometric mixtures of the 99.999% (5N) purity LuF3, LiF powders
and a proper amount of HoF3 (0.25 % at) from AC materials (Tarpon Springs, Fl.,
USA), and they were pressed to several pieces in order to put inside the crucible
without dropping down. In the Ho:LLF crystal structure, the Ho3+ dopant
substitutionally enters in the S4 symmetry Lu3+ sites having, in fluoride crystals,
coordination number equal to 8. Since in this configuration the ionic radii of Lu3+ and
Ho3+ in fluorides are close, 1.11 and 1.16 Å respectively [83], we assume a
segregation coefficient equal to 1.
The raw materials were placed in a glassy carbon crucible with an orifice of 1.3
mm diameter and a bottom tip of 3 mm diameter, and its volume was about 2.7 cm3
shown in Fig. 6.2. The crucible placed on a same diameter glassy tube pedestal as a
after heater to control the proper temperature gradient for the crystal growth. And both
two parts were fixed with a graphite tube in order to keep the crucible stable enough
to avoid the melt dropping during the growth process. And the insulation shields were
graphite tubes, and the setup of the growth part is shown in Fig.6.3. And use the Pt
wire as the seed to grow the crystal. Because the fluoride optical quality and laser
property is very sensitive to the OH- contamination, so a special care to avoid
contaminations, in particular the quality of the vacuum system (pressure limit below
10−7 mbar). Moreover the raw powders and Argon utilized for the growth processes
have a purity of 5N (99.999%). Because of the non wetting properties of the LLF melt,
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so the first step is to determine the material melting power. When the material melt,
contact the melt with the Pt wire, and start to pull down with proper rate (0.5 - 1.5
mm/h) and the fiber starts to grow as shown in Fig. 6.4. We performed two different
growths and got two fibers shown in Fig. 6.5. The average size of the Ho:LLF shaped
crystals, measured with a micrometer gauge having 0.01 mm resolution, was about
1.86 mm in diameter in both cases with 0.04 mm rms fluctuation. The lengths were
about 40 and about 60 mm respectively. The grown crystals were of high optical
quality, free of cracks and micro-bubbles. As it can be observed in Fig. 6.4 the
samples show a rough surface. This feature is due to excess of LiF precipitated during
the cooling of our samples [85].
Fig. 6.2 The photograph of glassy carbon crucible.
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(a)
(b)
RF Coil
Graphite shield
Graphite
insulation shield
Glassy carbon
crucible
Fig. 6.3 The photograph (a) and the schematic diagram (b)
of the growth setup for the Ho:LLF fiber growth.
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(a) (b)
(c) (d)
Fig. 6.4 The growth situations of the Ho:LLF. (a) Contact the melt with
the Ir wire. (b) Start to pull down with proper rate. (c) The fiber start
grow with constant diameter. (d) At the end of the fiber growth.
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Fig. 6.5 The photograph of as-grown Ho:LLF fiber.
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With the Laue technique, the Ho:LLF crystalline orientation was determined. The
schematic diagram of the Laue technique is shown in Fig. 6.6, and the diffraction
image of the Ho:LLF crystal is shown in Fig. 6.7. From the image, the
crystallographic c-axis of our grown crystals is tilted of about 6̊ with respect to the
plane perpendicular to the rod axis.
Fig. 6.6 Schematic diagram of Laue setup.
chamber.
X Ray
Sample
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6.2.2 Transmission measurement of the fiber
The inner part of the Ho:LLF fiber is optically transparent and its optical quality has
been checked measuring the distortions caused by the samples on the propagation of a
TEM00 helium neon laser beam. The TEM00 mode beam was selected by using a
pinhole, as described in section 4.3.3. And the outcoming beam dimensions were
regulated in order to obtain a spot slightly smaller than the sample diameter. The setup
was similar to the measurement of Yb:LuAG, but there are two linear polarizers
placed in front of the iris and after the sample. The beam quality was measured with a
Coherent Mode Master MMH-2S obtaining an M2x = 1.04 and M2y = 1.06 without the
Fig. 6.7 The Laue image of Ho:LLF fiber.
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fiber. And the measurement was performed with a 9 mm length sample, cut from the
same crystal utilized for the laser experiments. A beam with M2x = 1.08 and M2y =
1.12 was obtained. The measurements show a small degradation of the beam quality
confirming the absence of significant defects inside the sample. Moreover Fig. 6.8a
shows the intensity profile of the beam without fiber, utilizing a Beam Scope-P8,
while Fig. 6.8b emphasizes the beam transmitted inserting a LLF sample. The beam
profile confirms the absence of significant distortion introduced by the fiber on the
laser beam propagation.
From the crystals we cut two samples for laser test having dimensions diameter
1.8 mm, length 21 and 41 mm respectively. For spectroscopic measurements, a
smaller sample (5.75 mm length), with the same orientations, has been prepared.
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Fig. 6.8 (a) Helium–Neon laser beam profile without the Ho:LLF sample.
(b) Laser beam profile after propagation through the Ho:LLF sample..
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6.3 Spectroscopic measurements and spectra analysis of
Ho:LLF crystal fibers
As before, the room temperature absorption measurements were performed by the
spectrophotometer described in chapter 4. The measurement was performed in the
range 250 - 2200 nm with a resolution of 1 nm for non polarization. And the detailed
spectra are measured between 1800 - 2200 nm with a resolution of 0.6 nm in different
polarization for the transition 5I8 → 5I7 of Ho3+.
The room temperature fluorescence measurements were performed by exciting the
sample with a NICHIA blue diode laser tuned at 445 nm, according to the absorption
spectrum of Ho:LLF. The setup is similar to the measurements of before in chapter 4.
6.3.1 Absorption spectrum
At first the room temperature absorption measurements were performed with non
polarized light to measure the spectra between 250 nm to 2200 nm in order to check
the absorption bands of the Ho3+ and also to verify the absence of lines belonging to
the pollutants, that could be introduced inside the crystal during the growth and that
can compromise the optical performances. The spectrum is shown in Fig. 6.10.
According to the energy levels of Ho3+ shown in Fig. 6.9, we could determine the
main absorption peaks for different energy levels transition as shown in Fig. 6.10.
Because of the sensitivity of the spectrophotometer and the changing of the light
source, the transition of 5I8→5I5 and 5I8→5I4 around 800 nm were difficult to acquire
in the spectra. For the ground state manifold 5I8 transition to the first excited Stark
levels 5I7, the peaks are visible, which is used for the laser emission.
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Fig. 6.10 Room temperature absorption spectra of the Ho:LLF with
non polarization in 180 - 2100 nm.
5I8
5I7
5I6
5I5
5I4
5F5
5F4
5S2
5I8→5I75I8→5I6
Light source change
5I8→5F5
Fig. 6.9 The Ho3+ energy levels in LLF crystal[86].
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We recorded detailed spectra in the range of 1800 - 2200 nm relative to the 5I8 → 5I7
transition for the laser emission. Because the LLF crystal structure is tetragonal, so its
optical properties are is anisotropic. And we started the spectroscopic characterization
of the sample measuring the polarized absorption spectra (with two different
polarizations E || c (π) and E⊥ c (σ)) at room temperature and they were acquired with
a resolution of 0.6 nm. The absorption bands have been compared with those relative
to a sample grown with the CZ technique, having the same doping level within the
experimental errors. As it can be observed in Fig. 6.11 the spectra are comparable
underlining the performances of the μ-PD sample. The slight difference in absorption
between the two samples could be due to a small variation in the Ho3+ doping level.
And for the sample grown by μ-PD technique in the π polarization, the main
absorption peak is 1937.8 nm, with the absorption coefficient ɑ1 = 0.32 cm-1,
compared to σ polarization, the main absorption peak is 1943.8 nm, with the
absorption coefficient ɑ2 = 0.19 cm-1.
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(a)
(b)
Fig. 6.11 Comparison of the 5I8→5I7 room temperature optical absorption
spectra of Ho:LLF samples grown by the µ-PD and CZ methods around
2 µm for (a) π- polarization and (b) σ-polarization.
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6.3.2 Emission spectrum
Fluorescence measurements were performed at room temperature, and the exciting
beam was focused on the sample by a 10 cm focal length lens the same as in chapter 4.
Luminescence was chopped and focused on the entrance slit of a monochromator
equipped with a 300 lines/mm grating, blazed at 2 µm, and suitably filtered with an
AR coated Ge filter. To record the spectra as a function of the orientation of the
sample we used a Glan-Thomson polarizer in front of the input slit of monochromator.
Our attention was focused on the transitions 5I7→ 5I8 in the range 1800 - 2200nm,
using an InSb detector, cooled at liquid nitrogen temperature.
We studied in detail the polarized fluorescence of the laser transitions 5I7→5I8 with
a resolution of 1.5 nm. As an example, just to underline the same behaviour, we show
in Fig. 6.12 the comparison, acquired in π - polarization and σ - polarization, between
the fluorescence yield of the μ-PD sample and the CZ sample, having the same
doping level and in similar experimental conditions.
The two polarized spectra have been normalized to the maximum at 2068 nm being
our purpose just a comparison on peaks shape and position. We want to underline that
the CZ sample comes from the crystal utilized in [87] where it demonstrates a very
good laser performance. In Fig. 6.12 it is possible to observe that the two spectra are
comparable, sign of a good quality of the μ-PD sample.
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(a)
(b)
Fig. 6.12 Comparison of room temperature fluorescence spectra for the
5I8 → 5I7 transition of Ho:LLF samples grown by the µ -PD and CZ
methods around 2 µm for (a) π-polarization and (b) σ-polarization.
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6.3.3 Fluorescence Lifetime
The fluorescence decay-time for 5I7 manifold has been measured at room temperature
with the same experimental apparatus just described in chapter 4. In lifetime
measurements the excitation wavelength was about 892 nm pumping the 5I5 manifold,
and the pulse energy was reduced as much as possible to minimize power dependent
effects. To reduce an artificial lifetime lengthening due to radiation trapping laser
beam was focused near the edge of the crystal utilized for light collection. Moreover a
second set of measurements was performed utilizing the pin-hole method [88] and the
extrapolated lifetime is compared with the previous one. Measurements were
performed utilizing four pin-hole width diameters 1.5, 1.0, 0.8 and 0.6 mm. To
prevent detection of scattered laser light the collected radiation was suitably filtered in
both experimental setup.
The data were collected with the lowest possible excitation energy in order to avoid
the nonlinear processes, as up-conversion, and the decay curves shown a single
exponential behaviour as shown in Fig. 6.13. The lifetime of the 5I7 manifold
measured with the first method was 13.0± 0.8 ms, while that obtained with the
pin-hole method was 13.1± 0.7 ms, in good agreement between them and in fair
agreement with that measured for the CZ sample of 14.1 ± 0.8 ms [89].
From the decay curve in Fig. 6.13, there is a initial rise of the decay curves, that is a
result of the gradual build-up of the 5I7 level, as ions were initially excited to the 5I5
level by the pump radiation beam, and the decayed to populate the 5I7 level after a
finite time with non radiation and another ion transition from ground state 5I8 level to
5I5 level which is called cross relaxation. Because of our low doping level samples,
this effect is not so fast.
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(c)
The emission cross section σ em was calculated by using β-τ methods (i.e.
Füchtbauer– Ladenburg equation ), while the absorption cross section σabs was
evaluate from the absorption spectra and the Ho3+ ion density. The cross section for
the different polarizations were calculated with the equation, as a comparison the
cross section of the bulk crystal grown by Czochralski method were also calculated.
The results are shown in Fig. 6.14 and 6.15.
Fig. 6.13 The 5I7 manifold decay curve measured by the standard
method (a) and the pinhole method (b), and the lifetime results
with different diameter pin-holes (c).
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(a)
(b)
Fig. 6.14 Comparison of cross section of Ho:LLF samples grown
by the µ-PD and CZ methods around 2 µm for π -polarization, (a)
absorption and (b) emission cross section.
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(a)
(b)
Fig. 6.15 Comparison of cross section of Ho:LLF samples grown
by the µ -PD and CZ methods around 2 µm for σ-polarization, (a)
absorption and (b) emission cross section.
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6.3.4 Gain spectra
From the emission cross-section and the absorption cross section, the gain spectra
were calculated by
( )( )
absemtot
Ngain σββσ −−= 1 Eq. 6.1
for different inversion levels
tot
N
N2=β , where N
2
and N
tot
are the ion density in the
excited state and the total Ho3+ ion density, respectively. In Fig. 6.16, we show the
calculated gain coefficient for different inversion values of the 2 µm transition. The
gain curves have been calculated from µ-PD sample data in different polarization, we
also calculated the gain curves of sample grown by CZ method (shown in Fig. 6.17).
From these curves comparison with ones of the CZ sample, in the gain spectra of
µ-PD sample there is a small mixing between π and σ polarization due to the 6̊ tilting
of the c-axis.
Growth and character of the
Ho:LiLuF4 crystal
145
(a)
(b)
Fig. 6.16 Ho:LLF samples grown by the µ -PD method gain
coefficients around 2 µm for (a) π-polarization and (b)
σ-polarization.
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(a)
(b)
Fig. 6.17 Ho:LLF samples grown by the CZ method gain
coefficients around 2 µm for (a) π-polarization and (b)
σ-polarization.
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6.4 The laser experiments
6.4.1 Laser experiment setup
Laser performance of both µ-PD grown crystals was tested in a ring laser setup shown
in Fig. 6.18. And the laser experiments were done in Prof. Martin Schellhorn group of
Institute Saint Louis in French-German Institute. A single 80 W Tm-fiber laser (Model
TLR-80-1940, from IPG Photonics) was used as pump source. The fiber laser
operates in a wavelength range between 1937.6 nm at threshold and 1938 nm at
maximum power of 82 W with a line-width of 0.4 nm (FWHM) matching a small
transparent window between the two water vapor absorption lines at 1937.5 nm and
1938.6 nm, while being well centered within the Ho:LLF absorption near 1940 nm.
The unpolarized pump light was collimated and sent through a telescope consisting of
two lenses with respective focal lengths of 200 mm and -50 mm. The spot radius of
the pump beam was measured to be about 0.5 mm. End faces of both crystals were
polished and no antireflection coating was used. The crystals were mounted in a water
cooled copper mount maintained at a temperature of 18 ̊C and positioned between
two flat dicroic mirrors (M1) with high reflectivity (R > 99.8 %) in the 2050 - 2100
nm wavelength range and high transmission (T > 99.5%) at the pump wavelength.
Both mirrors (M1) were tilted with approximately 10̊ to the optical axis. The physical
length of the ring resonator was about 820 mm long with a convex high-reflector (M2)
with a radius of curvature of 500 mm and a flat output coupler (OC), both were tilted
with approximately 10̊ to the optical axis. Between mirror M2 and OC a Brewster-cut
acousto optic modulator (AOM) was located which has not been used in the presented
work but could provide Q-switching operation in future experiments. The crystal
samples were rotated that the crystalline c-axis was horizontal (in the Brewster-plane
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of the AOM). Neglecting thermal lensing, the calculated TEM00 beam radius in the
LLF crystal was 415 µm. A flat high reflective mirror M3 has been used to force
unidirectional oscillation in the ring cavity. For this configuration the laser was
operated on π - polarization (polarization parallel to the crystalline c-axis).
Fig. 6.18 Resonator setup for the laser experiments of Ho:LLF crystal samples.
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6.4.2 Laser results
Output couplers with a transmission of TOC = 1, 5, 9 and 20 % were used. CW laser
performance for the 21 mm long crystal is shown in Fig. 6.19, (a) as a function of
total pump power incident on the crystal and (b) with respect to the absorbed pump
power. Straight lines are result of a linear fit and the calculated slope efficiencies are
given in the figures. At a maximum incident pump power of 85 W a maximum output
power of 7.1 W was obtained with the TOC = 9 % output coupler and a maximum
slope efficiency of 41.4 % was measured with respect to absorbed pump power. In Fig.
6.19 (a) the slope efficiency of TOC = 20 % is lower than for TOC = 5 %, while in Fig.
6.19 (b) the contrary occurs. This can be explained by the fact that higher output
coupling increases the laser threshold and therefore the pump intensity is closer to the
saturation intensity leading to higher bleaching of the laser crystal [90]. Therefore,
each curve in Fig. 6.19 (a) scales with a different absorption value. The laser output
spectrum consists of several emission lines centered around 2067.9 nm, 2067.6 nm,
2054.2 nm and 2053.2 nm using the output couplers with TOC of 1, 5, 9 and 20 %,
respectively. No damage of the fluoride crystal has been observed in cw pumping up
to the maximum pump power of 85 W. We estimated the maximum stress in the
crystal by using LASCAD [91]. With an absorbed pump power of 23 W and a
fractional heat load of 6% due to the quantum defect, the theoretical maximum stress
in the crystal is 2 MPa. This is well under the thermal fracture limit of 40 MPa given
in [92].
By evaluating the slope efficiencies in the linear regime of the output couplers with
TOC = 5% and 1 %, one can fit the resonator losses as well as the intrinsic slope
efficiency to the experimental points. The intrinsic slope efficiency is the limiting
slope efficiency which can be achieved in the absence of resonator losses. To
minimize the experimental error, the actual transmission of both output couplers has
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been measured directly with a power meter using the laser beam at wavelengths of
2067.6 nm and 2067.9 nm and tilting the output coupler with an angle of incidence of
10̊. Plotting the inverse of the slope efficiency versus the inverse of the output coupler
transmission, also known as a Caird plot [93], a value of 3.2 % for the resonator
losses and an intrinsic slope efficiency of 57.9 % was found. It should be mentioned
that the Caird plot analysis is only truly valid if the conditions of the output stay the
same such as the lasing wavelength. However, the theoretic slope efficiency scales
with the quotient of pump and laser wavelength [68] and therefore the small change in
laser wavelength should be negligible. An explanation for the low resonator losses
could be that both entrance faces of the crystal are nearly parallel and the crystal can
act as an etalon (only one back reflection is observed using a beam of a He-Ne laser).
For comparison, laser experiments with a 30 mm long, 0.5 % at Ho:LLF crystal
sample made from bulk material has been done with the same resonator and pump
configuration resulting in a value of 1.2 % for the resonator losses and an intrinsic
slope efficiency of 73.4 % which is close to the performance presented in [87].
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(a)
Fig.6.19 Output power of Ho:LLF laser with a 21 mm long µ-PD crystal as
a function of (a) pump power and (b) absorbed pump power for different
reflectivities of the output coupler. Straight lines are result of a linear fit and
the calculated slope efficiencies are given. The inset in (a) shows the
wavelength distribution observed with TOC = 9 %.
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Brightness determination was done by measuring the beam diameter after it has
been passed through a positive lens and by fitting the standard Gaussian beam
propagation expression to the measured data shown in Fig. 6.20. The beam quality has
been measured at maximum laser power of 7.1 W and the M2 values found were M2x
= 1.05 and M2y = 1.06.
Fig.6.20 Diameter of laser beam as a function of distance after
focusing. Solid lines represent fits to a standard Gaussian beam
propagation expression.
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The same experiments have been done using the 41 mm long Ho:LLF crystal. CW
laser performance is shown in Fig. 6.21, (a) as a function of total pump power
incident on the crystal and (b) with respect to the absorbed pump power. Even though
the crystal is longer and more pump power was absorbed the observed laser threshold
was higher than with the 21 mm long crystal. The crystal had to be tilted a little bit to
provide that the pump beam was centered both on entrance and exit face of this
crystal (two back reflections have been observed using a beam of a He-Ne laser
resulting in an angle of 16 mrad between both faces). A maximum output power of 6.2
W was obtained with the TOC = 9 % output coupler at maximum pump power of 85 W.
A highest slope efficient of 27.7 % was measured with respect to absorbed pump
power with the TOC = 20 % output coupler. The laser output spectra did not change
significantly and the emission lines were centered around 2066.0 nm, 2066.1 nm,
2065.6 nm and 2065.6 nm using the output couplers with TOC of 1, 5, 9 and 20 %,
respectively. This indicates that the wedged crystal acts as a wavelength selective
element in the ring cavity. A Caird analysis yielded a value of 8.9 % for the resonator
losses and an intrinsic slope efficiency of 58 %. Due to the wedged faces of this
crystal the resonator losses are considerable higher, however, the intrinsic slope
efficiency of 58% is identical observed with the short crystal. Therefore the material
properties of both crystals are the same. The worse results are associated to a deficient
sample preparation of the long crystal.
At the moment it is not clear to understand the low intrinsic slope efficiencies
observed with both Ho:LLF crystals grown by the µ -PD method. Excited state
absorption can be excluded because of the properties of the Ho3+ ions and at this low
doping level energy-transfer up-conversion should be negligible and the measured
fluorescence lifetime of 13 ms is only slightly shorter with that measured for the CZ
sample of 14.1 ms [87].
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(a)
(b)
Fig.6.21 Output power of Ho:LLF laser with a 41 mm long µ-PD crystal as
a function of (a) pump power and (b) absorbed pump power for different
reflectivities of the output coupler. Straight lines are result of a linear fit and
the calculated slope efficiencies are given. The inset in (a) shows the
wavelength distribution observed with TOC = 9 %.
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The beam quality has been measured at maximum laser power of 6.2 W and the M2
values found were M2x = 1.08 and M2y = 1.12, shown in Fig. 6.22
Fig.6.22 Diameter of laser beam as a function of distance after
focusing. Solid lines represent fits to a standard Gaussian beam
propagation expression.
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6.5 Conclusion
We achieved the first laser operation from Ho:LLF crystals grown by µ-PD technique.
We applied a fiber laser pump setup using a ring laser cavity to characterize laser
performance of two uncoated crystals with different length. A maximum output power
of 7.1 W with a slope efficiency of 41.4% with respect to absorbed pump power was
obtained at lasing wavelength of 2054.2 nm with a 21 mm long crystal. With the 41
mm long crystal more pump power is absorbed but the maximum output power was
limited to 6.2 W due to higher resonator round trip losses. The intrinsic slope of about
58% was determined to be the same for both crystals and the beam quality was nearly
diffraction limited (M2 < 1.12). These results emphasize the optical quality of the
µ-PD grown crystals and higher output power should be reached using AR coating of
the entrance and exit faces.
This work was written as paper published on Optics Express in 2012[94].
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Future plan
The work about the growth by μ-PD technique will be further development in order to
improve the technique to grow more crystals. In particular we are working to modify
the orifice diameter and length of the crucible to grow different rare earth doped
fluorides and oxides crystals.
The development of the high optical quality of the crystal fiber is our main purpose.
We will continue to grow LuAG single crystal fibers doped with rare earth elements
for the laser applications. Especially for the different concentrations of Tm3+, Er3+ and
Ho3+ doped LuAG fibers with the laser emission around 2 μm.
Because of the good results of the Ho:LiLuF4 fiber, we will plan to grow other rare
earth ions doped LiLuF4 or LiYF4 crystals. And because of the lower phonon
efficiency, different fluorides doped with rare earth ions will be grown and
characterized by the μ-PD technique.
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